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Background.  Life on early Earth was microbial and confined to iron-rich oceans, yet 
heavily influenced the world around it. Primary producers fixed carbon through anoxygenic 
photosynthesis. Other microbes produced gases, such as methane, which modulated Precambrian 
climate. All these biological processes still occur today, but in niche environments that are 
reminiscent of conditions on Earth billions of years ago. 
Aims.  The aims of this dissertation were to investigate microbes that influence iron and 
carbon cycling under ferruginous conditions. Specifically: (1) to characterize two lakes as 
geochemical analogs for early Earth oceans; (2) to explore factors that impact methane 
production, oxidation, and pathways of emission to the atmosphere from ferruginous water 
columns; and (3) to explore the capacity for Fe(II)-dependent anoxygenic photosynthesis. 
Methods.  These studies were carried out utilizing limnological techniques to document 
biogeochemical and physical trends. 16S rRNA amplicon sequencing was used to assess the 
abundance of depth-related microbes, augmented by culturing and physiological experiments. 
Results.  Below the chemocline, both Brownie Lake and Canyon Lake are anoxic and 
rich in ferrous iron which allows these lakes to be suitable geochemical analogs for early Earth 
oceans. A large reservoir of methane is actively being oxidized microbially within the water 
columns, yet a large methane flux still reaches the atmosphere. Non-diffusional transport of 
methane (e.g. ebullition) from Brownie Lake sediments and lateral transport of methane into 
pelagic waters from littoral sediments at Canyon Lake are the major methane emission pathways. 
A metabolically diverse photoferrotroph, present in Brownie Lake, was isolated, and utilizes 
bacteriochlorophyll c and chlorobactene to harvest light for photosynthesis. 
xi 
Conclusions.  Brownie Lake and Canyon Lake can be added to the catalog of ferruginous 
ocean analogs for exploring questions pertaining to early Earth. Non-diffusive pathways of 
methane emission can dominate from shallow, ferruginous water columns and these pathways 
should be considered when modeling early Earth methane fluxes. A 16S rRNA phylogenetic 
analysis of photoferrotroph strain BLA1 reveals that it is most genetically similar to other Fe(II)-
oxidizing green sulfur bacteria and is given the name Chlorobium sp. strain BLA1. This isolate 
oxidizes iron with rates similar to other photoferrotrophs.
 1 
CHAPTER 1.    INTRODUCTION 
 
1.1 The Precambrian 
Oxygen (O2) is a dominant component of Earth’s surface environment today. By volume, 
dry air contains 21% oxygen and the oceans are fully oxygenated (Canfield et al., 2007). The 
advent of oxygenic photosynthesis 2.4 billion years (Ga) ago has allowed life to move from the 
oceans to land, and microscopic, single-celled organisms to evolve into large, multi-cellular 
sentient beings which dominate Earth’s land surface today. Unlike modern day, early life was 
dominated by microbes and resided predominantly in Earth’s anoxic oceans, as continents were 
beginning to emerge. How then, was Earth’s surface environment impacted by the microbes 
present at that time? Geological records indicate massive deposits of oxidized iron (Fe) far 
before an oxidizing atmosphere (e.g. Isley and Abbott, 1999). Could microbes have been 
responsible for these large ore deposits found worldwide (e.g. BIFs)?  
The Precambrian (4.56 Ga – 0.54 Ga) represents a large portion of Earth’s history (~ 
88%). Inorganic reduction-oxidation (i.e. “redox”) reactions performed by microbes coupled the 
carbon cycle to other elemental cycles for growth, e.g. Fe. The Archean ocean is characterized as 
having reducing conditions, where the oceans were devoid of O2, rich in reduced Fe (i.e. 
“ferruginous”) and low in sulfate (SO42-) (Canfield et al., 2000; Poulton and Canfield, 2011). 
Compared to modern day oceanic Fe(II) concentrations of <0.001 PM (Saito et al., 2003), 
Archean ocean concentrations could have ranged from 1-1000 PM (Holland, 2004; Canfield, 
2005; Kappler et al., 2005; Crowe et al., 2008; Posth et al., 2013; Walter et al., 2014; Swanner et 
al., 2015). Extensive hydrothermal inputs sourced Fe(II) and kept deep oceans ferruginous until  
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full ventilation with O2, which occurred at the close of the Proterozoic (Isley, 1995; Canfield et 
al., 2007).  
As the deep oceans of the Archean contained reducing conditions, so too did the 
atmosphere. The predominant theory is that the atmosphere at this time was thought to be 
“weakly reducing,” with major constituents being N2, H2O vapor, and CO2, and minor 
constituents being H2, CH4, CO, and possibly carbonyl sulfide (OCS) and NH3 (Catling and 
Claire, 2005; Ueno et al., 2009; Kasting, 2014). For reference, a “highly reducing” atmosphere is 
one with H2 and CH4 as major constituents (Catling and Claire, 2005). Methane, in addition to 
CO2, is thought to have significantly contributed to the moderation of Archean climate and is 
implicated as a potential solution to the “Faint Young Sun Paradox” (Sagan and Mullen, 1972; 
Gough, 1981). This paradox describes the presence of liquid water on Earth (as demanded by 
mineralogical proxies; e.g. Mojzsis et al., 2001) even though the sun was projected to be 20-30% 
less luminous than current day. The Archean climate is thought to have been temperate, with 
temperature ranging from 0-50 qC due to declining pCO2 (Krissansen-Totton et al., 2018). 
Evidence for methanogens, the organisms that produce CH4, has been observed in fluid 
inclusions extracted from 3.5 Ga precipitates. The fluid inclusions contained extremely low G13C 
values, indicative of biogenic methanogenesis (Ueno et al., 2006). Therefore, a biogenic flux of 
CH4 during the Archean may have been an important contribution to the greenhouse effect.  
Net primary productivity (NPP) refers to the production of organic matter by 
photosynthetic microbes and plants minus the amount of carbon dioxide released by respiration 
in an ecosystem. Today, the oceans account for roughly half of global NPP estimates (Field et 
al., 1998). However, during the Archean, primary productivity would have been solely microbial 
and relegated to early Earth oceans. Under ferruginous conditions, anoxygenic photosynthetic 
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bacteria (APB) in the photic zone were thought to have been the main primary producers fueling 
the biosphere (Canfield et al., 2006; Jones et al., 2015). The APB that could use light, Fe(II), and 
inorganic carbon to perform photosynthesis (see equation 1) in the absence of O2 are collectively 
known as photoferrotrophs (Ehrenreich and Widdel, 1994; Kappler et al., 2005). There are many 
lines of evidence to suggest that photoferrotrophs were present before oxygenic phototrophs, 
such as the presence of large deposits of BIFs prior to widespread oxygenation (e.g. Konhauser 
et al., 2002; Kappler et al., 2005; Croal et al., 2009), Fe isotope ratio data from the iron 
formations (3.7 – 3.8 Ga BIF; Czaja et al., 2013), and production of organic matter in microbial 
mats situated in the euphotic zone (3.4 Ga chert; Tice and Lowe, 2004; 2006). 
(1) light (hν) + 4Fe2++ CO2 + 11H2O → 4Fe(OH)3+ (CH2O) + 8H+ 
The redox conditions of late Archean oceans changed with the evolution of oxygenic 
photosynthesis, which was the only process that could make significant planetary O2 (Kharecha 
et al., 2005). Evidence for oxygen-producing cyanobacteria is scarce due to the poor fossil record 
of the Archean, but the oldest, definite fossils were found in ~ 1.9 Ga rock (Hofmann, 1976; 
Fischer et al., 2016). Despite this discovery, there is evidence to suggest there were small 
amounts of O2 in the atmosphere (3 x 10-4 times PAL) at about 3 Ga, suggesting the presence of 
early oxygenic phototrophs (Crowe et al., 2013). While deep oceans at this time remained 
ferruginous, free O2 began to accumulate in the surface oceans and continental margins (Czaja et 
al., 2012; Eroglu et al., 2018). As cyanobacteria began to populate the euphotic zone of late 
Archean oceans, O2 built up in the atmosphere until it reached a tipping point. The Great 
Oxidation Event (2.46-2.33 Ga) at the close of the Archean marked the transition from a 
reducing atmosphere to an oxidizing atmosphere with O2 (Luo et al., 2016; Gumsley et al., 
2017). 
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The progressive oxygenation of the atmosphere from the late Archean to the early 
Proterozoic had significant effects on the sulfur cycle and ocean redox chemistry. Higher inputs 
of SO42- to the ocean occurred at this time due to continental oxidative weathering of sulfides 
(Canfield, 1998). The increase of SO42- favored bacteria that could perform SO42- reduction 
leading to anoxic and sulfidic (i.e. euxinic) conditions in near shore environments (as far out as 
100 km) by ~ 1.8 Ga (Poulton et al., 2004; 2010), but ferruginous conditions still dominated the 
deepest parts of the ocean based on redox studies of marine shales (Planavsky et al., 2011; 
Poulton and Canfield, 2011). Euxinic conditions exhibited spatiotemporal variations and were 
largely controlled by high organic carbon concentrations and the relative fluxes of Fe(II) and 
SO42- (Poulton et al., 2010). After the first Neoproterozoic glaciation (~ 0.72 Ga), water column 
chemistry switched from euxinic to ferruginous conditions below the oxic/anoxic transition zone 
(i.e. oxycline). This was due to either limited SO42- input to the oceans or an increased flux of 
highly reactive Fe (or both) (Canfield et al., 2008; Johnston et al., 2010; Guilbaud et al., 2015). 
The last major shift in ocean water chemistry occurred after the Gaskiers glaciation (~ 0.58 Ga) 
where the deep ocean became fully oxygenated (Canfield et al., 2007). 
In summary, widespread ferruginous conditions were observed during a majority of the 
Archean. The late Archean saw oxygenated surface waters which persisted into the Proterozoic. 
Once O2 built up in the atmosphere, the water column (i.e. mid-ocean) became euxinic below the 
oxycline with ferruginous conditions still dominating in the deep ocean. After one more 
transition to ferruginous conditions in the water column, the deep oceans became oxygenated as 
they are today with a high concentration of SO42- (~ 28 mM). As described above, the redox 
conditions of the Precambrian oceans varied in time and space. Therefore, to understand the 
impact microbes had on an early Earth aquatic biosphere (e.g. Fe-based anoxygenic 
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photosynthesis, contribution of methane to the Precambrian atmosphere via methanogenesis), 
modern environments are needed that encompass the vast diversity of redox conditions on early 
Earth.  
1.2 Dissertation Organization 
In order to investigate the paradigms of Earth’s biogeochemistry for the nearly two 
billion years under which ferruginous conditions dominated the oceans, analogous redox-
stratified and ferruginous environments with a range of ancillary geochemical conditions (e.g. 
nutrient levels and organic carbon amounts) are desirable. In recent years there have been several 
ferruginous lakes (e.g. Kabuno Bay of Lake Kivu, Lake La Cruz, Lake Matano, Lake Pavin, and 
Lake Svetloe) and euxinic systems (e.g. Baltic Sea, Black Sea, and Green Lake) used to study 
biogeochemical cycling of ancient Earth. The modern ocean is not an acceptable analog because 
it is oxygenated and no longer harbors ferruginous conditions. Chapter 2 describes the 
characterization of two lakes, Brownie Lake and Canyon Lake, that can be added to this catalog 
of ferruginous ocean analogs. Primary findings indicate both lakes are ferruginous and contain 
permanently-anoxic (i.e. meromictic) bottom waters, confirmed by seasonal monitoring 
throughout an entire year. Although both lakes contain large reservoirs of Fe(II), they have 
varying attributes (e.g. nutrient content, light and O2 penetration depth, productivity, and organic 
matter input) that are helpful to answer specific geochemical and microbiological questions 
relating to Archean ocean biogeochemistry. This work sets the stage for Brownie and Canyon to 
address two microbial processes likely important in global carbon cycling during the late 
Archean in the subsequent chapters. 
Through seasonal monitoring, we observed that Brownie Lake emitted a large amount of 
CH4 compared to not only Canyon Lake, but other freshwater systems compiled by Bastviken et 
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al. (2011). This discovery propelled research to elucidate pathways of CH4 transport out of 
shallow, ferruginous water columns. Chapter 3 dives into the biogeochemical, physical, and 
microbiological factors that impact CH4 production, oxidation, and release from Brownie Lake 
and Canyon Lake. This study is the first of its kind to directly measure total CH4 fluxes out of 
ferruginous, meromictic lakes (other studies have estimated only the diffusive flux by modeling). 
Non-diffusive transport (i.e. ebullition) was determined to be the overwhelming pathway of CH4 
transport contributing to >85% of the CH4 flux in Brownie Lake. Results from this study indicate 
that non-diffusive transport is enhanced by seasonal primary productivity and formation of gas 
conduits during past lake level manipulations. At Canyon Lake, the CH4 flux is impacted by 
lateral transport of CH4 from littoral sediments into open waters. The upward diffusion of CH4 
into the metalimnion of Canyon Lake is almost entirely oxidized by aerobic methanotrophs, as 
evidenced by methane concentrations dipping below detection and large positive carbon isotope 
excursions. However, CH4 concentrations increase at the surface, signaling a local source of CH4 
(i.e. littoral sediments). 
As eluded to in section 1.1, photoferrotrophs may have been the main primary producers 
in past ferruginous oceans, performing photosynthesis utilizing electrons from Fe(II). At this 
point, a paired photosystem mechanism to strip electrons from water (i.e. oxygenic 
photosynthesis) is generally thought to have been absent (although, see Cardona et al., 2019 for a 
conflicting viewpoint). And, unlike cyanobacteria, there are not many representative isolates of 
photoferrotrophs that researchers can use to characterize pathways which may have impacted 
early Earth carbon cycling (e.g. primary productivity driven by Fe(II) oxidation). To add more 
complexity, there are multiple taxa capable of photoferrotrophy including the 
Alphaproteobacteria (purple non-sulfur bacteria), Gammaproteobacteria (purple sulfur bacteria), 
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and the green sulfur bacteria (Chlorobiaceae). However, known genes involved in Fe(II) 
oxidation are not vertically inherited and therefore are not conserved across taxa. The two best 
studied isolates, R. palustrius (Jiao and Newman, 2007) and R. ferrooxidans (Croal et al., 2007), 
both belong to the Alphaproteobacteria. Chapter 4 describes the characterization of a novel 
photoferrotrophs (strain BLA1) from Brownie Lake belonging to the family Chlorobiaceae. This 
is the ninth confirmed photoferrotroph brought into culture and only the second isolated from a 
ferruginous water column. This is significant, as photosynthetic Fe(II) oxidation genes have only 
been well studied in the purple non-sulfur bacteria. This research provides a potential isolate 
which may be able to expand our knowledge of the distribution of potential Fe(II) oxidation 
pathways in ferruginous environments, and understand the potential connections between the Fe 
and C cycles in Archean oceans. 
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CHAPTER 2.    GEOCHEMICAL CHARACTERIZATION OF TWO FERRUGINOUS 
MEROMICTIC LAKES IN THE UPPER MIDWEST, U.S.A. 
 
A paper published in Journal of Geophysical Research: Biogeosciences 
Nicholas Lambrecht2,3,4,5, Chad Wittkop1,2,4, Sergei Katsev1,2, Mojtaba Fakhraee2, and Elizabeth 
D. Swanner1,2,4,5 
2.1 Abstract 
To elucidate the role of (bio)geochemical processes that fueled iron and carbon cycling in 
early Earth oceans, modern environments with similar geochemical conditions are needed. As 
the range of chemical, physical, and biological attributes of the Precambrian oceans must have 
varied in time and space, lakes of different compositions are useful to ask and answer different 
questions. Tropical Lake Matano (Indonesia), the largest known ferruginous lake, and Lake 
Pavin (France), a meromictic crater lake, are the two best studied Precambrian ocean analogs. 
Here we present seasonal geochemical data from two glacially-formed temperate ferruginous 
lakes: Brownie Lake (MN) and Canyon Lake (MI) in the Upper Midwest, USA. The results of 
seasonal monitoring over multiple years indicate that: (1) each lake is meromictic with a dense, 
anoxic monimolimnion, which is separated from the less dense, oxic mixolimnion by a sharp 
chemocline; (2) below this chemocline are ferruginous waters, with maximum dissolved iron 
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concentrations > 1 mM; (3) meromixis in Brownie Lake is largely anthropogenic, whereas in 
Canyon Lake it is natural; (4) the shallow chemocline of Brownie Lake and high phosphorus 
reservoir make it an ideal analog to study anoxygenic photosynthesis, elemental ratios, and 
mineralogy; and (5) a deep penetrating suboxic zone in Canyon Lake may support future studies 
of suboxic microbial activity or mineral transformation. 
2.2 Introduction 
The progressive oxygenation of the atmosphere and oceans hinged around the Great 
Oxidation Event (GOE) ca. 2.46-2.33 billion years (Ga) ago at the close of the Archean (Luo et 
al., 2016; Gumsley et al., 2017), which generated redox interfaces between reduced chemical 
species deep within the ocean and oxygen produced in the euphotic zone. Due to higher mantle 
heat flows, deep ocean water in Archean and Proterozoic was characterized by extensive 
hydrothermal input (Isley, 1995; Planavsky et al., 2012), and was rich in dissolved redox-active 
species such as Fe(II) and Mn(II). The development of euxinic (i.e. anoxic and sulfidic) bottom 
waters was limited by the small sulfate reservoir (Canfield & Farquhar, 2009). However, 
ferruginous conditions remained an important feature of the Earth’s oceans throughout the 
Precambrian (Planavsky et al., 2011; Poulton & Canfield, 2011; Sperling et al., 2015; Wood et 
al., 2015). Evidence for intensified redox cycling by the oxygenated mixed layer spans the 
Precambrian and is recorded in numerous redox proxies (Kendall et al., 2010; Li et al., 2010; 
Planavsky et al., 2014). These conditions persisted until the ventilation of the deep oceans at the 
close of the Proterozoic around 0.6 Ga (Canfield et al., 2007).  
 Meromictic (i.e. permanently-stratified) lakes and stratified seas are suitable modern 
analogs for the water columns of Archean and Proterozoic oceans, and offer an opportunity to 
study geochemical and biogeochemical signatures that are generated as a consequence of 
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persistent aquatic redox interfaces (Koeksoy et al., 2016). Such interfaces are generally useful to 
study microbially-driven biogeochemical processes, as microbial life was the predominant 
biological force on early Earth. Ferruginous meromictic lakes have become important analogues 
to study microbial processes involved in marine carbon cycling in the Archean and Proterozoic. 
One example is the role of anoxygenic photosynthetic bacteria who oxidize Fe(II) 
photosynthetically (so-called “photoferrotrophs”), which may have been important to early 
marine primary productivity (Crowe et al., 2008, 2014; Walter et al., 2014; Llirós et al., 2015). 
Another is the role of methanogenesis and methane oxidation as primary pathways for organic 
carbon degradation under µM sulfate conditions that distinguish Precambrian oceans from the 
modern (Crowe et al., 2011; Oswald et al., 2016). Additionally, ferruginous lakes provide a 
window into how elemental, isotopic, and organic (bio)signatures of a ferruginous water column 
are recorded into minerals and sediments (Viollier et al., 1995; Busigny et al., 2014), thus aiding 
in interpreting the Archean and Proterozoic marine sediment record. 
There is a long history of utilizing early Earth analogs to study biogeochemical cycling. 
Anoxic, sulfidic seas (e.g. Black Sea (Lewis & Landing, 1991; Manske et al., 2005) and the 
Baltic Sea (Dyrssen & Kremling, 1990), as well as some lakes (e.g. Green Lake (Zerkle et al., 
2010; Havig et al., 2017)), have been used to evaluate changes to biogeochemical cycles across 
deep time. Ferruginous lakes have been studied for their unique limnology, hydrology, and 
ecology (Merilänen, 1970; Hongve, 1980, 1999; Boehrer et al., 2009) and their effect on 
elemental cycling (e.g. Balisteri et al., 1994). Several studies in the last decade have focused on 
ferruginous lakes as analogues for biogeochemical cycling in stratified, ferruginous conditions of 
Archean and Proterozoic oceans. These lakes include Lake Matano (Indonesia; Crowe et al., 
2008), Lake La Cruz (Spain; Walter et al., 2014), Lake Pavin (France; Viollier et al., 1995; 
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Lehours et al., 2005), and the ferruginous Kabuno Bay within Lake Kivu (Democratic Republic 
of Congo; Llirós et al., 2015). The analogue utility of these lakes seems to be spurring discovery 
or recognition of additional geographically diverse lakes as ferruginous (e.g. Savvichev et al., 
2016). The presence of anoxic and ferruginous conditions in the bottom waters of lakes, which 
either do not turn over at all, or turn over regularly or occasionally, may not be that rare. It has 
been suggested that millions of dimictic temperate boreal shield lakes in Eurasia and North 
America may be ferruginous due to underlying Precambrian Shield geology that is high in iron 
and low in sulfate (Schiff et al., 2016). Numerous kettle lakes in Scandinavia are also known to 
be meromictic (Meriläinen 1970; Hongve 1980). 
In this study, we document the seasonal geochemical trends of two meromictic, 
ferruginous lakes. We performed seasonal monitoring of physical and chemical parameters using 
limnological methods to assess stability of each water column. We report physical (temperature, 
conductivity, and dissolved inorganic carbon (DIC)), redox (dissolved iron and oxygen), nutrient 
(phosphorus, nitrate, and ammonium), and major cation and anion profiles of the lakes 
seasonally for one full year. We aim to encourage scientists to utilize these study sites, in 
addition to previously characterized ferruginous lakes, to better understand (bio)geochemical 
dynamics across a range of physical and chemical conditions that can provide context to the 
spatial and temporal variation in the chemistry and biology of early Earth’s ferruginous oceans, 
as well as current and future scenarios in our freshwater resources. 
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2.3 Methods 
2.3.1 Brownie and Canyon Lakes 
Brownie Lake (N44° 58’ 4.483”, W93° 19’ 26.677”) is located in Minneapolis, MN and 
is the northernmost lake in the Minneapolis “Chain of Lakes” (Brownie, Cedar, Isles, and 
Calhoun). The catchment area is mostly residential, with recreational paths surrounding the lake. 
It has an approximate surface area of 5 hectare and a maximum depth of 14 m (Myrbo et al., 
2011; Minneapolis Parks and Recreation Board, 2013). Canyon Lake (N46° 49’ 58.069”, W87° 
55’ 14.858”) lies in private lands belonging to the Huron Mountain Club (HMC) in the Upper 
Peninsula of Michigan. It is enclosed by deep canyon walls which are surrounded by the pristine 
forests of the Huron Mountains. It has an approximate surface area of 1 hectare and a maximum 
depth of 23 m (Anderson-Carpenter et al., 2011).  
2.3.2 Sample collection 
Sampling was performed from moored boats at the deepest locations in both lakes. Water 
was collected from a maximum depth of 13 m at Brownie Lake and 21 m at Canyon Lake 
(Figure 2.1). Each lake was sampled multiple times throughout 2015-2018 to assess seasonal 
change and confirm stable stratification. Sensors were lowered on depth-calibrated cables. All 
samples for nutrients, cations and anions, major and minor elements, redox species, and 
dissolved inorganic carbon (DIC) were collected with a Proactive Mini Monsoon pump with 
low-flow controller attached to vinyl tubing and a cable marked with meter and half-meter depth 
increments. Water was filtered by attaching a syringe filter directly to the tubing, and where 




Figure 2.1. Location of the two studies sites, Brownie Lake (BL) and Canyon Lake (CL) in the 
Upper Midwest, USA. Bathymetric maps of BL and CL show intervals of 5 m, with the deepest 
point denoted with an x. 
 
2.3.3 Sensors 
A Hydrolab Series 5 multiprobe (Hach) was deployed to collect 
conductivity/temperature/depth (CTD) data, in addition to dissolved oxygen (detection limit: 3 
µM), pH, oxidation-reduction potential, and turbidity. Calibrations were performed after rinsing 
the sensors twice with deionized water. Conductivity and salinity were calibrated with a two-
point calibration utilizing buffers obtained from the manufacturer. The membrane-based 
dissolved oxygen probe was calibrated using a single point calibration with 100% air-saturated 
water. The pH sensor was calibrated by using commercially prepared buffers (pH 4, 7, 10). Light 
profiles were measured using a LI-COR 192SA (sensitivity of 4 µA per 1,000 µM s-1 m-2) 
underwater quantum sensor on a lowering frame. From June until September of 2017, a vertical 
chain of Hobo temperature recorders (accuracy 0.2°C, precision 0.02°C) was deployed in 
Canyon Lake to characterize seasonal variations in stratification. Eight recorders were positioned 
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in the water column at depths between 18.5 and 1 m; the recorders were programmed to take 
temperature measurements every 5 minutes.   
2.3.4 Preservation and chemical analysis 
Dissolved sulfide was filtered using a 0.22 µm polyethersulfone (PES) filter. Nitrate and 
dissolved phosphate (also known as soluble reactive phosphorus) samples were filtered using a 
0.45 µm PES filter. Samples for ammonium and total phosphorus quantification were preserved 
by acidifying unfiltered water with 5N H2SO4 to pH < 2 on land after sample collection. All 
samples were stored on ice or at 4 °C until analysis, usually within 72 hours. Ammonium 
(detection limit: 5 µM; Weatherburn, 1967), nitrate (detection limit: 1 µM; Hood-Nowotny et al., 
2010), total and dissolved phosphorus (detection limit: 0.1 µM; Wetzel & Likens, 2000), and 
dissolved sulfide (detection limit: 1 µM; Cline, 1969; Reese et al., 2011) were measured 
spectrophotometrically on an Epoch 2 Microplate Reader (Biotek).  
2.3.5 Major dissolved ions  
Samples for cations and anions, which were collected simultaneously for each sampling 
trip, were filtered using 0.45 µm PES filters. Anions (Cl⁻, Br⁻, SO₄²⁻) were preserved on ice 
during transport and stored at 4 °C until analysis. Cation samples (Al, B, Ca, Cr, Cu, Fe, K, Mg, 
Mn, Si, Na, Zn) were preserved with HNO3 (final acid concentration of 1%), and then 
transported on ice and stored at 4 °C until analysis. Cations were analyzed by ICP-OES (iCap 
7600 Duo) at the University of Minnesota Department of Earth Sciences (2015 samples), the 
Minnesota Department of Health (2016 samples), or the U of MN Research Analytical 
Laboratory (2017 samples). Anions were analyzed at the same facilities using a Dionex 120 Ion 
Chromatograph following the EPA method 300.0 (Pfaff, 1993). Ion detection limits can be found 
in supporting information table S1. The significant digits reflect the quantification limit. 
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2.3.6 Dissolved inorganic carbon (DIC), methane, and water isotopes 
Samples for dissolved inorganic carbon (DIC) analysis were filtered (0.45 µm) and stored 
in sealed headspace vials (2015 and 2016 samples) or injected into evacuated, He-flushed 
exetainers containing 1 mL of concentrated phosphoric acid (2017 samples) and analyzed at the 
U of MN Stable Isotope Laboratory (2015 samples), and the UC-Davis Stable Isotope Facility 
(2016-2017 samples). Samples for methane were filtered (0.45 µm) and filled into evacuated 
exetainers with no headspace except for gas evolved from sample water. Methane samples were 
kept at 4 qC until analysis or preserved with HCl to pH < 2. We did not observe significant 
differences in CH4 concentrations between samples that were acidified or not acidified. Methane 
was analyzed at the UC-Davis Stable Isotope Facility by forcing dissolved gasses into headspace 
generated by injecting a known volume of He gas to the exetainer. The headspace gas was 
purified with a CO2 and H2O scrubber (Mg(ClO4)2) and a liquid nitrogen cold trap. Methane was 
separated using a GS-CarbonPLOT column and concentration was determined using a 
ThermoScientific Precon unit. Samples for water isotopes (𝛿2H and 𝛿18O) were filtered (0.45 
µm) and kept at 4 °C with no headspace until analyses. Water isotopes were analyzed by a 
Picarro L1102-i Isotopic Liquid Water Analyzer in the SIPERG Laboratory at Iowa State 
University. 
2.3.7 Mineral saturation 
Mineral saturation indices were calculated in Geochemist’s Workbench 12 (Bethke, 
2007) using major dissolved ion data, sonde measurements of O2 (O2 measurements were entered 
as zero values below the detection limit), pH, and DIC concentrations. The saturation index (SI) 
for any mineral is defined as the log (Q/Ksp), where Q is the ion activity product, calculated using 
the measured data from species involved in mineral formation, and Ksp is the solubility product 
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of the mineral. All calculations were made at ambient temperatures recorded by sonde readings. 
Where log (Q/Ksp) is positive, the mineral is thermodynamically favored to form, and where log 
(Q/Ksp) is negative, the mineral is undersaturated. 
2.4 Results 
2.4.1 Physical and chemical indicators of stratification  
Surface temperatures at Brownie Lake were lowest in winter 2018 and greatest in 
summer 2017 (Figure 2.2A). Temperature decreased deeper in the water column, except for 
January in which it increased slightly, until ~ 7 m where temperature was close to 7 °C for all 
months sampled. The pycnocline occurred at roughly 5 m during all seasons, defining the top of 
the monimolimnion (unmixed, anoxic bottom water) (Figure 2.2B). Dissolved inorganic carbon 
(DIC) concentrations at the top of the water column were lowest in the summer 2017 and highest 
in spring 2017. DIC increased deeper in the water column to a maximum of ~ 13 mM (Figure 
2.2C).  Light penetrated as deep as 6.5 m measuring 0.01 µM photons m⁻² s⁻¹ in April 2017 
(0.001% of surface light intensity), corresponding to oxygen levels slightly above detection (data 
not shown). Methane concentration maxima were 6 µM at the surface and 1.1 mM at 13 m in 
2017 (Table 2.1).  
At Canyon Lake, surface temperatures were greatest in the summer 2017 and lowest in 
winter 2018 (Figure 2.3A). Conductivity measurements were very similar between seasons, with 
the pycnocline beginning at 15 m and a sharp increase occurring at 17.5 m (Figure 2.3B). DIC 
was < 1.5 mM above 18 m, and increased to maximum of 6.3 mM in the monimolimnion in 
September 2017 (Figure 2.3C).  
 
 21 
Figure 2.2.  Temperature, conductivity, and dissolved inorganic carbon (DIC) profiles of 
Brownie Lake over a multi-year period. The chemocline is marked in grey. (A) Temperature. (B) 
Conductivity. (C) DIC. 
 
The deepest light detection was at 11.5 m in September 2017, having an irradiance of 
0.03 µM photons m⁻² s⁻¹ (0.01% of surface light intensity) (data not shown). This depth 
corresponded to 40 µM of dissolved oxygen. Methane concentrations in the water column were 
less than 1 µM at the surface and reached 1.5 mM at 20 m in summer 2017 (Table 2.1). 
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Figure 2.3. Temperature, conductivity, and dissolved inorganic carbon (DIC) profiles of Canyon 
Lake over a multi-year period. The chemocline is marked in grey. (A) Temperature. (B) 
Conductivity. (C) DIC. 
 
Water isotopes (𝛿2H and 𝛿18O) from Canyon Lake were collected in September 2017 and 
represented two distinct clusters (Figure 2.7B). 1-3 m depths defined one cluster and 4-21 m 
depths defined a second cluster. The 4-21 m samples lie at the intersection of the global meteoric 
water line (GMWL; Craig, 1961) and the local evaporation line (LEL; Kolka et al., 2010). The 1-
3 m samples lie between the GMWL and the LEL defined by that same study (Figure 2.7C).  
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Concentration gradients of major cation and anion species across the chemoclines of 
Brownie and Canyon are summarized in Table 2.2, respectively. For detectable elements, an 
enrichment factor across the chemocline was calculated by dividing the deep-water concentration 
by the surface water concentration. Within each lake, geochemically conservative species that 
are not influenced by anthropogenic processes (Al, B, Mg) display similar enrichment factors 
within the lake. In Brownie Lake, some usually conservative elements are influenced by 
anthropogenic inputs (e.g. Na, Cl, and Br). Potassium has a similar enrichment factor in both 
lakes, while the calcium enrichment is lower in Brownie Lake relative to Canyon. Elements or 
ions with redox sensitivity exhibit extremes in terms of their enrichment factors (chromium, 
manganese, sulfate). The enrichment factor of dissolved silicon distinguishes the two lakes.  
2.4.2 Depth profiles of redox-sensitive elements (oxygen, iron, manganese, sulfate, sulfide) 
2.4.2.1 Brownie Lake 
The dissolved oxygen and Fe concentration profiles over four sampling intervals capture 
seasonal trends in 2017-2018 (Figure 2.4). The oxycline occurred at ~ 3 m depth in spring and 
summer months, and ~ 4 m depth in fall and winter months. Dissolved oxygen concentrations 
approached equilibrium with atmospheric concentrations at the top of the water column and 
consistently dropped to < 10 µM between 3-4 m depth, except in winter 2018 where dissolved 
oxygen was present in the 10s of µM. The Fe redoxcline exists at ~ 5.5 m depth, where dissolved 
Fe concentrations increase drastically. Above the Fe redoxcline, dissolved Fe concentrations are 
submicromolar. The highest measured value of dissolved Fe was 1600 µM at 13 m in winter 
2018. The deepest sample measured for dissolved Fe was at 8 m in April 2017 and no data is 
available below this depth. 
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Figure 2.4. Seasonal profiles of dissolved oxygen and dissolved Fe from Brownie Lake. The 
chemocline is marked in grey. (A) April 2017. (B) July 2017. (C) September 2017. (D) January 
2018. 
 
Manganese and sulfate concentrations in Brownie Lake in July 2017 are reported in 
Table 2.2. Manganese was < 1 µM in the surface and reached 85 µM at 13 m. Sulfate at 1 m was 
52 µM and was just above detection at 13 m (~ 1 µM). See supporting information table S1 for 
seasonal variations of manganese and sulfate. Sulfide in the anoxic water column did not build 
up predictably with depth, but was detected rather sporadically. In spring 2017, no sulfide was 
detected at 13 m. In fall 2017, 19 µM sulfide was present at 13 m (Table 2.1). 
2.4.2.2 Canyon Lake 
Figure 2.5 displays seasonal dissolved oxygen and Fe concentration profiles between 
2017-2018. The oxycline fluctuated and did not remain at the same place in the water column 
year-round. For instance, the oxycline in the summer was at 13 m, higher in the water column at 
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10 m in the fall, and at its lowest at 16 m in the winter (Figure 2.5). Conversely, the Fe 
redoxcline remained consistent over all sampling periods. Dissolved Fe increased substantially 
below 18 m, surpassing 1600 µM in the monimolimnion in winter 2018 (Figure 2.5C).  
Manganese and sulfate concentrations in Canyon Lake in June 2017 are reported in Table 
2.2. Manganese was < 1 µM at the surface and 130 µM at 20 m. Sulfate was 5 µM at 1 m and 
below detection at 20 m. See supporting information table S1 for seasonal variations of 
manganese and sulfate. Like Brownie, dissolved sulfide in Canyon did not follow any observable 
trend in the water column. Dissolved sulfide was not measured at the surface, but could reach 25 
µM below the oxycline. The lowest measured concentration was 2 µM at 19 m in September 
2017 (Table 2.1). 
Table 2.1. Ranges of Brownie Lake and Canyon Lake nutrients and redox-active 
species in 2017. All units are in µM. Detection limits are in the supplementary 




Lake (1 m) 
Canyon 
Lake (1 m) 
Brownie 
Lake (13 m) 
Canyon Lake 
(20 m) 
Ammonium BD BD 855 - 2000 430 




1079 - 2472 240 12342 - 14050 5969 
Nitrate BD 1.0 2.0 BD 
Methane 0.8 - 6.2 0.1 - 0.2 955 - 1150 1525 
Oxygen 250 – 400 250 BD 2 - 5 
Soluble Reactive 
Phosphorus 0.4 0.2 26.6 0.9 
Silica 6.54 57.39 367.56* 213.67** 
Sulfate 52 - 102 5.0 2.1 BD 
Sulfide (filtered) NM NM 19 2** 
Total 
Phosphorus 0.2 - 0.5 0.1 20 - 46 1.2 
*Measurement taken at 12 m. ** Measurement taken at 19 m. 
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Figure 2.5. Seasonal profiles of dissolved oxygen and dissolved Fe from Canyon Lake. The 
chemocline is marked in grey. (A) June 2017. (B) September 2017. (C) February 2018. 
 
2.4.3 Depth profiles of nutrients (total phosphorous, nitrate, ammonium) 
2.4.3.1 Brownie Lake 
Total phosphorus measurements were at or less than 1 µM until the bottom of the 
chemocline at Brownie Lake, where they began to increase. Maximum concentrations in the 
bottom waters varied between seasons. For example, total phosphorus measured 15 µM at 12 m 
in April 2017, and more than tripled to 47 µM at 13 m in September 2017. The entire water 
column is depleted of nitrate in the spring and summer months, with most samples below 
detection (1 µM). In September 2017, nitrate was present throughout the water column with a 
maximum concentration of 2 µM measured in the monimolimnion. Ammonium concentrations 
were consistently below detection above 5 m in the water column, except for September 2017 
where concentrations ranged from 10-50 µM above the chemocline. Maximum ammonium 
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concentrations fluctuated greatly in the bottom waters. For instance, the ammonium 
concentration at 12 m in April was 530 µM, more than tripled to 1900 µM at 13 m in May, and 
diminished to 850 µM at 13 m in September 2017.  
2.4.3.2 Canyon Lake 
Canyon Lake was more nutrient-limited than Brownie Lake. The largest amount of total 
phosphorous was roughly 1 µM at 20 m in June 2017. All other measurements were 
submicromolar in June and September 2017. Nitrate concentrations were in the range of 1– 3 µM 
throughout the water column, with no observed depth or seasonal trends. Ammonium was not 
detectable until 14.5 m in June 2017 (5 µM) and 15 m in September 2017 (11 µM). The 
maximum ammonium measured in June 2017 was 429 µM at 20 m and 200 µM at 19 m in 
September 2017, which were the deepest samples taken during those sampling trips, 
respectively. 
Table 2.2. Cation and anion data from 2017 at Brownie Lake and Canyon Lake. All values 
are in micromolar. The detection limits are given in table S1. The enrichment factor is the 




















Aluminum 0.33 0.96 2.91 5.08 11.79 2.32 
Boron 6.29 9.16 1.46 2.03 7.31 3.59 
Calcium 1148.46 2063.55 1.80 113.85 719.32 6.32 
Chromium < 0.02 0.12 > 6.07 < 0.02 < 0.02 - 
Copper 0.03 < 0.02 < 0.51 0.03 < 0.02 < 0.52 
Potassium 94.74 377.67 3.99 7.75 34.89 4.50 
Magnesium 517.10 876.86 1.70 36.66 119.77 3.27 
Manganese 0.07 85.48 1174.00 0.07 131.49 1806.00 
Silica 6.54 367.56 56.23 1.61 6.00 3.72 
Sodium 4447.93 21646.63 4.87 35.41 255.85 7.23 
Zinc 0.02 < 0.02 < 1.00 0.12 0.06 0.50 
Chloride 5970 21290 3.57 < 3 301 > 100.33 
Bromide < 1 8 > 8.00 < 1 < 1 - 





2.5.1 Brownie Lake 
2.5.1.1 Modern and historical stratification  
Prior to the early 20th century, Brownie Lake was holomictic (Tracey et al. 1996). The 
creation of a canal between Brownie Lake and Cedar Lake in 1917 decreased the surface area of 
Brownie Lake to its present state by dropping the water level in its basin (Wirth, 1945; Swain, 
1984). Sediment cores record the onset of meromixis in Brownie Lake by 1925, when Fe:Mn and 
Fe:P ratios increased, coinciding with a shift from periodically laminated sediments to 
consistently laminated sediments (Swain, 1984). The relative depth (ZR) of Brownie Lake (5.6%) 
reflects the small surface area (5 ha) and maximum depth (14 m), a physiographic condition that 
physically inhibits vertical mixing (Myrbo et al., 2011; Minneapolis Parks and Recreation Board, 
2013). This ZR has increased in the 20th century as a result of the anthropogenic activities that 
modified the lake level and its surface area.  
Paleolimnological analysis suggested that the depth of the chemocline between dissolved 
Fe and oxygen within Brownie Lake has been deeper since 1925 than it is presently (Tracey et al. 
1996). This could stem from increasing ion concentrations in the bottom waters, shifting the 
chemocline higher within the water column. Sequestration of ions increases stability of the 
monimolimnion, which does not participate in the spring and fall turnover. Swain (1984) noted 
that the Brownie Lake thermocline and chemocline occurred between 4 and 5 m, consistent with 
our observation that the depth of oxygen penetration is generally around 4.5 m (Figure 2.4). The 
conductivity within the top 3 m ranged between 459 and 601 µS cm-1 from 1974 to 1979 (Swain, 
1984), whereas the lowest reading we measured was 577 µS cm-1 from surface water in 
September 2016 (Figure 2.2). An analysis of whole lake stability was conducted by converting 




corresponding profiles of the stability frequency were calculated, as well as the Schmidt stability, 
which is the energy required to mix the water column down to a given depth. Seasonal motion of 
the density gradient is confined to the depth interval between 3 and 6 m, and the salinity-imposed 
gradient stabilizes the stratification in the deeper waters, consistent with the depth of oxygen and 
penetration we observe (Figure 2.4). 
 The changes in density, stratification, and increase in conductivity in the past 50 years 
likely arose from salinity increases. From our analyses, sodium and chloride are the most 
abundant ions (Table 2.2). Our July 2017 sodium and chloride concentrations were 4.45 and 5.97 
mM for 1 m, and 21.65 and 21.29 mM at 12 m, respectively (Table 2.2). Correlations between 
conductivity and sodium (R2 = 0.92) or chloride (R2 = 0.90) have high coefficients of 
determination (Figure 2.6). Similar findings by Novotny et al., (2008) for urban lakes in the 
Twin Cities, including Brownie Lake, were attributed to urban road salt use (i.e. “cultural 
meromixis”), primarily halite (NaCl). This phenomenon has also been noted for several kettle 
lakes in Michigan, whose bottom waters are also ferruginous (Koretsky et al., 2011; Sibert et al., 
2015). Our observation that the slope of Cl vs. Na data (in molar) is 0.96 (R2 = 0.88) attest to 
halite as the salt source (Figure 2.6). Surface sodium and chloride concentrations in Brownie 
Lake in September 1979 were 1.58 and 2.12 mM, and rose to 12.04 and 12.73 mM at 12 m, 
respectively (Shapiro & Pfannkuch, 1973). In comparison to our data from 2017, these ions have 




Swain (1984) noted that the enrichment factor for Fe from surface to bottom waters was greater 
than that for other elements measured in that work (Na, K, Ca, Mg, SO42- , Cl, HCO3-, and Mn) 
and concluded that Fe was responsible for stratification of the water column. Our analyses 
suggest that sodium and chloride are currently responsible for stratification, based on their 
abundance as compared to iron (Table 2.1; Figure 2.4). 
Figure 2.6. Correlation between specific conductivity (SpC) and sodium or chloride from 
Brownie Lake. The high correlations indicate that most of the conductivity can be explained by 
these two ions. The slope of 0.96 for the plot of sodium vs. chloride indicate the source of these 





In contrast to sodium and chloride, calcium and magnesium concentrations in Brownie 
Lake show more modest increases with depth, less than doubling across the chemocline. In July 
2017, calcium was 1.16 mM at 1 m and 2.15 mM at 12 m, whereas it was 1.09 mM at the surface 
and 1.24 mM at 12 m September 1971 (Shapiro and Pfannkuch, 1973). Magnesium was 517.10 
µM at the surface and 876.86 µM at 12 m in July 2017, and 620 µM at the surface and 630 µM 
at 12 m in September 1971 (Shapiro and Pfannkuch, 1973). Surface concentrations of both 
elements are similar through time. The comparably larger increase of calcium in bottom waters 
in the intervening years may be due to the precipitation of calcite in surface waters, where it is 
slightly saturated in all 2017 sampling events (supporting information figure S2), and dissolution 
of this phase in the monimolimnion where it is undersaturated (e.g. Kelts and Hsu, 1978; Dean, 
1999). Magnesium, on the other hand, would be less likely to form carbonates in freshwater 
lakes, and so should not experience this shuttling mechanism, and not concentrate in the 
monimolimnion over time. Retention of the more conservative magnesium cation in the 
monimolimnion is also likely an artifact of inhibited lake mixing.  
2.5.1.2 Redox profiles 
Profiles of the redox-sensitive species dissolved oxygen, iron, manganese, and sulfur, 
give insight into the effects of stratification. The oxygen penetration depths we observed, around 
4.5 m, but seasonally variable, are comparable to those of Swain (1984). This coincides with the 
maximum depth of mixing, in agreement with our stability calculations (supporting information 
figure S1). There are small excursions of enhanced oxygen concentrations approaching the 
chemocline in April and September, which could indicate enhanced oxygenic photosynthesis at 
depth, such as in marine deep chlorophyll maxima (Cullen, 1982). Sulfate was 215 µM at the 




1 m and 1 µM at 12 m in July 2017 (Table 2.1). The decrease in sulfate concentrations with 
depth is likely due to microbial sulfate reduction, consistent with our detection of sulfide below 
the chemocline in September 2017. The decrease in surface water sulfate concentrations in the 
last 40-50 years may be due to cessation of pumping of the water from the Jordan aquifer into the 
lake, as discussed below. The aquifer in the area of Brownie Lake contains 180-370 µM sulfate 
(Ruhl et al., 1983). 
Dissolved Fe and Mn concentrations in the bottom water increased over Swain’s 
sampling campaigns between the years 1975-1979. The maximum concentration for both 
elements was recorded in 1979, where Fe reached 2.0 µM at 1 m and 1.3 mM at 13 m, and Mn 
was 0.55 µM at 1 m and 110 µM at 13 m (Swain, 1984). In July 2017, both Fe and Mn 
concentrations were lower than values obtained by Swain (Figure 2.4; Table 2.2). This indicates 
that Brownie may have slightly reduced its inventory of Fe and Mn in the last 50 years, although 
the total reservoir of these elements in both the surface waters and monimolimnion may vary in 
the lake on seasonal and yearly timescales. Variation in the reservoir of dissolved Fe and Mn in 
the mixolimnion could reflect changes in external loading of these elements to the lake. From the 
1950’s, an industrial cooling outlet with average total Fe concentrations of 7 µM, sourced from 
the Jordan aquifer, was discharged into Brownie Lake after aeration and filtration to remove Fe 
(Swain, 1984) until this waste stream was diverted into the storm sewer in 1993. Following 
phase-out of such once-through geothermal systems starting in 1989, pumping ceased at the site 
by 2003 (Minnesota Department of Natural Resources 2015). The dataset from the 1970’s record 
much higher iron concentrations in surface waters than our measurements in 2017, consistent 





The monimolimnion of Brownie Lake has a similar range of Fe concentrations in 2017 as 
compared to the 1970’s, but is seasonally variable. Seasonal changes in pH and alkalinity, as 
well as sulfide concentrations could control the formation of mineral phases that remove Fe and 
Mn from the water column, and allow for re-dissolution of some phases seasonally (Dean et al., 
2003; Cosmidis et al., 2014, Wittkop et al., 2014; Sibert et al., 2015; Busigny et al., 2016). 
Certainly, seasonal dissolution of Fe- and Mn-oxides has been inferred as the source of dissolved 
Fe for other lakes in the Midwest where meromixis has resulted from road salt use (Sibert et al., 
2015). However, an additional source of Fe to the monimolimnion of Brownie Lake might be 
local groundwater. A groundwater supply of Fe has been documented for at least one other 
ferruginous lake (Hongve, 1999). Reducing groundwater can be a source of dissolved Fe in the 
Midwest, and has been reported from Wisconsin-aged glacial till (Simpkins & Parkin, 1993; 
Erickson & Barnes, 2005), which covers the Twin Cities metropolitan area. At least one 
metropolitan lake, White Bear Lake, experiences groundwater inflow, which can include 
dissolved Fe (Jones et al., 2013). While a 2-D groundwater flow model of the Minneapolis Chain 
of Lakes indicates that Brownie is a net in-seepage lake (Goudrealt, 1985), further work would 
be necessary to constrain the groundwater inflows to and outflows from Brownie Lake, as well 
as local groundwater chemistry. 
2.5.1.3 Nutrient profiles 
Nutrient profiles, specifically phosphorus and ammonium, reflect stratification in 
Brownie Lake. Total phosphorus (TP), soluble reactive phosphorus (SRP), and ammonium 
(NH4⁺) are occasionally present in the mixolimnion and increase in concentration in the 
monimolimnion year-round (TP and SRP: 10s of µM; NH4⁺: 100s of µM to mM; Table 2.1). The 




meet criteria of > 20 ppb (> 0.65 µM) phosphate for impairment by the Minnesota Pollution 
Control Agency (Anderson et al., 2014). This indicates the eutrophic nature of Brownie Lake, 
which is the only lake on the Minneapolis Chain (Cedar, Isles, Calhoun, and Harriet) that 
exceeds eutrophication standards (Minneapolis Park and Recreation Board, 2013). While it is not 
clear whether there is an external input of P to the euphotic zone, our data suggest that despite a 
potential mechanism for phosphate scavenging at the chemocline by formation of Fe(III) 
minerals (Lascu et al., 2010), P is not limiting to primary producers in the euphotic zone. 
Brownie Lake has a large reservoir of TP in bottom waters, with seasonally variable maximum 
concentrations of 15-47 µM, indicating that phosphate scavenged from the euphotic zone and 
shuttled into the monimolimnion can be remobilized due to dissolution of scavenging iron 
minerals, either in the water column or sediments. Dissolved phosphate concentrations in the 
monimolimnion were consistently lower than total phosphate, indicating a reservoir of 
particulate phosphorus, which could be mineral or organic.  
Another nutrient and mineral forming element present in Brownie Lake is silicon (Si). 
We observed 6.54 µM Si at 1 m in 2017, and 367.56 µM at 13 m (Table 2.1). Surface 
concentrations of Si in Brownie Lake are the lowest among the neighboring chain of lakes. Cedar 
Lake (83.67 µM), Lake of the Isles (152.03 µM), Lake Calhoun (47.35 µM), and Lake Harriet 
(45.93 µM) all have much greater concentrations of Si in the surface water (Minneapolis Park 
and Recreation Board, 2013). This low concentration of Si may be due to the drawdown of Si by 
diatoms in Brownie Lake (Swain, 1984). Diatom dominance in Brownie Lake has been linked to 
a decreasing trophic status resulting from P sequestration with the onset of meromixis (Tracey et 
al., 1996). However, this explanation does not seem supported by the phosphate impairment 




cessation of Si-rich water input, which discharged water with 1.18 +/- 0.2 mM silica (as SiO2) 
into Brownie Lake in the second half of the 20th century (Swain, 1984).  
2.5.1.4 Mineralogy 
The shifting inventory of elements and key chemical species with depth (and to some 
extent with season) in Brownie Lake, can be useful to predict, from a thermodynamic 
perspective, which mineral phases might be forming from the water column via the saturation 
index (SI). The SI of a number of relevant phases are evaluated in supporting information figure 
S2. Oxide and hydroxide minerals of Mn are predicted to form at depths wherever oxygen was 
detected. While calcite was saturated in the photic zone (discussed above), the Mn(II) carbonate 
rhodochrosite and Fe(II) carbonate siderite were saturated just at the chemocline (rhodochrosite) 
or just below it (siderite). Mn(II) carbonate saturation has been observed from the chemocline of 
meromictic Green Lake (Herndon et al., 2018). Pyrite was saturated when dissolved sulfide was 
detected, confined to later dates in the season - July and August. The Fe(II) phosphate mineral 
vivianite is usually saturated below 6 - 7 m depth, independent of season. A large reservoir of 
phosphate in the monimolimnion of ferruginous Lake Pavin has been noted (Michard et al., 
1994), similar to Brownie Lake, and vivianite as well as Fe(III) phosphate phases have been 
detected from that system (Cosmidis et al., 2014). Despite relatively high concentrations of 
dissolved silica in the deep monimolimnion, the Fe silicate mineral greenalite remains below 
saturation there (supporting information figure S2). Further mineralogical work (e.g. phase 
identification) would require additional sampling of sensitive phases and non-traditional (e.g. 




2.5.2 Canyon Lake 
2.5.2.1 Modern and historical stratification 
Canyon Lake is oriented northwest to southeast on its long axis (Figure 2.1) with 
approximately 20 m high canyon walls, which restrict the amount of solar radiation the lake 
receives, and shelter it from wind mixing. Its small surface area (1 ha) and maximum depth (22.5 
m) results in a ZR of 14.5%. Canyon Lake is located in a gorge within Archean gneiss bedrock, 
which was covered by the Laurentide ice sheet during the Pleistocene (Smith, 1940). When the 
ice retreated during the last glaciation 10,200 years ago (Peterson, 1986), water filled the basin 
and Canyon Lake was created. Prior radiocarbon dating documented that Canyon Lake 
sediments are up to 10,200 years old (Brubaker, 1975; Davis, 1981). However, to our 
knowledge, no work has been done to investigate whether sediments are continuously laminated. 
Smith (1940) first documented the meromixis at Canyon Lake during a monitoring 
campaign over an entire year between 1938-39. He made several observations including 
temperature and dissolved oxygen that matched what we observed in 2016-18, providing 
evidence that the water column has remained stable and stratified in the last 80 years. Smith 
(1940) measured inorganic carbon at Canyon Lake in the form of total alkalinity and free CO2. 
His measurements indicate an increase in both total alkalinity and free CO2 below about 15 m in 
Canyon Lake, and that these trends do not vary seasonally. Total alkalinity was 0.2 mM as 
CaCO3 at the surface and reached 2.1 mM as CaCO3 at 21 m. Similarly, his lowest free CO2 
measurement was 0.02 mM at the surface and highest was 5.27 mM in the monimolimnion. We 
observed the same pattern in DIC from the surface (0.2 mM) to the bottom (6.3 mM), confirming 
trends Smith described from fieldwork in the 1930s. Stratification resulting from anthropogenic 




such as chloride that might indicate contamination are undetectable in Canyon’s surface water 
(Table 2.2).  
2.5.2.2 Water isotope profiles 
The 𝛿2H and 𝛿18O and thermistor profiles (Figure 2.7A) from Canyon Lake document 
two distinct water masses: one represented by 1-3 m samples, and the other represented by 4-21 
m samples (Figure 2.7B). The shift in 𝛿2H and 𝛿18O values occurs with the transition from 
surface waters that are subject to seasonal heating to deeper water that remains at 4-5 °C year-
round. This resonates with a thermocline at 2-3 m documented in the late 1930s (Smith, 1940), 
and from our sonde and thermistor data (Figures 2.3 and 2.7A). The conductivity data indicates 
that the chemocline is much deeper, between 16-17 m.  
The 1-3 m water is likely sourced primarily by precipitation, but with some component of 
spring water feeding the north end of the lake and seeps coming out of the canyon walls above 
the lake. Kolka et al. (2010) reported the isotopic composition of surface waters from other lakes 
within HMC property, and defined a local evaporation line (LEL) from these data. Surface 𝛿2H 
and 𝛿18O data (1-3 m) lies closer to the GMWL than these other lakes (Figure 2.7C). This likely 
results from less evaporation due to its surrounding canyon-like topography, which provides 
wind protection and minimizes direct sunlight. The spring water falls to the left of the GMWL, 
and in addition to muted evaporation, could also contribute to the isotopic composition of 
Canyon Lake 1-3 m. The seep water, sampled as drip water in September 2017, falls near the 
GMWL, but is isotopically heavier than Canyon Lake 1-3 m. These trends can be explained in 
terms of shallow recharge from precipitation that is isotopically heavy in summer and lighter in 
winter, and must supply some amount of water to the surface of Canyon Lake as we observe it 




Figure 2.7. (A) Thermistor data from Canyon Lake in 2017 showing stable stratification with the 
thermocline around 3-4 m water depth. Isotherms are at every 1-degree C. Triangles mark the 
depths of thermistors. (B) Water isotopes collected in September 2017 show two distinct 
compositions of water for 1-3 m samples and 4-21 m samples. (C) CL water isotopes plotted as 
filled circles along with the GMWL and the LEL replotted from Kolka et al., 2010. Open circles 
are lakes in the HMC replotted from Kolka et al., 2010. The square is tap water from wells on the 





The deeper (4-21 m) water samples lie at the intersection of the GMWL and the LEL. 
They are isotopically very similar to a sample taken from a HMC tap, sourced from a well, and 
are representative of local groundwater. Another line of evidence consistent with a groundwater 
source to Canyon Lake come from conservative elements. Chloride is 301 µM at 20 m depth in 
Canyon lake. Seventy-five percent of Michigan groundwaters have less than 390 µM Cl-, on par 
with deep waters from Canyon Lake (Dumouchelle & Cummings, 1986). The average 
temperature of shallow groundwater in this region is 5.6 °C (EPA, 2016). Temperature 
measurements at 22 m were 5.47 °C in September 2017 and 5.45 °C in February 2018, showing 
no seasonal variation, and consistent with groundwater input (Rosenberry & LaBaugh, 2008). 
The thermistor profile also shows a slight increase in temperature below 18 m to characteristic 
groundwater values, consistent with sonde-based profiles made seasonally. These factors indicate 
it is possible that the monimolimnion is influenced by local groundwater. 
2.5.2.3 Redox profiles 
Dissolved Fe in the surface water of Canyon Lake is 0.77 µM, much higher than that in 
Brownie Lake, and perhaps suggestive of input of Fe into the lake. Unfiltered drip water from the 
seep on the canyon wall sampled in February 2018 had 5 µM total Fe, suggestive that this 
recharged water may add Fe to the lake. The dissolved Fe load in the monimolimnion of Canyon 
Lake is 1.6 mM, higher than the highest Michigan groundwater reported by Dumouchelle et al. 
(1974), which was 518 µM. Given the possibility of a groundwater source to the Canyon Lake 
monimolimnion, Fe in the lake could also be added from groundwater. Oxidation of Fe in the 
oxic water column would then produce Fe(III)-oxide particulates, which sink into the 
monimolimnion to undergo reductive dissolution back to Fe(II), maintaining a reservoir of 




meromictic Lake Pavin (Michard et al., 1994), while detrital Fe-rich sediments are the ultimate 
source of Fe(II) for ferruginous Lake Matano (Crowe et al., 2008).  
2.5.2.4 Nutrient profiles 
In regards to other elements, Canyon Lake has comparable surface total phosphorus to 
other lakes in Michigan: the average total phosphorus levels of ~ 680 inland lakes in Michigan is 
0.18 µM (Fuller and Tariscka, 2011), in the range of our measurement of 0.1 µM (Table 2.1). 
The same study reported average bottom water total phosphorus values of 0.775 µM (Fuller & 
Taricska, 2011), whereas the monimolimnion of Canyon Lake contained 1.2 µM of total 
phosphorus.  
2.5.2.5 Mineralogy 
 Iron and Mn oxide and hydroxide minerals generally become increasingly saturated up to 
the 16-17 m chemocline in Canyon Lake, with major oxides showing saturation in surface waters 
and becoming undersaturated in deep anoxic waters (supporting information figure S3). This 
interval may be an interesting spot to look for mixed-valence Fe and Mn minerals (e.g. Zegeye et 
al., 2012). In contrast to Brownie Lake, Canyon has lower overall concentrations of both 
dissolved inorganic carbon and dissolved phosphate. Furthermore, suboxic cycling of Mn is 
much less prominent at Canyon Lake, but is observable in the zone just above the chemocline. 
Calcite and rhodochrosite are undersaturated at all intervals of Canyon Lake throughout the 
season. Siderite is weakly saturated in the deepest intervals of the monimolimnion. Greenalite 
and vivianite are slightly undersaturated in this zone. The persistent undersaturation of most 
major reduced iron minerals in the deep waters of Canyon Lake may help explain the extremely 
conservative behavior of iron in this system, and suggests carbonates may represent the most 
viable phase for Fe export to sediments in nutrient-limited environments. Further work could 




2.5.3 Implications for Archean ocean biogeochemistry 
Ferruginous lakes have received heightened attention in the last decade as analogues for 
chemically stratified oceans that were anoxic and rich in dissolved Fe at depth, conditions which 
are thought to have persisted throughout much of the Archean and Proterozoic (Planavsky et al., 
2010; Poulton & Canfield, 2011; Sperling et al., 2015; Wood et al., 2015). Most attention in this 
capacity has been placed on large tropical meromictic lakes, such as Lake Matano in Indonesia 
(Crowe et al., 2008), or the ferruginous basin Kabuno Bay of Lake Kivu on the border of 
Rwanda and Democratic Republic of Congo (Lliros et al., 2015). Volcanic lakes such as Lake 
Pavin in France (Busigny et al., 2014) and karstic lakes like Lake La Cruz (Rodrigo et al., 2001; 
Camacho et al., 2017) have also been studied. Lake Matano is in a catchment basin composed of 
weathered ultramafic rocks, and so is rich in Fe, Ni, Cr, with detrital Fe(oxyhydr)oxides 
providing the source of Fe to the lake (Crowe et al., 2008). Lake Kivu is an active rift lake, a 
feature which heavily influences the chemistry of the waters, as noted by the degassing of 
geogenic CO2 and CH4 into the monimolimnion (Pasche et al., 2011; Schmid et al., 2005). Lake 
Pavin is a crater lake, formed in young igneous volcanic rock, which also derives 
monimolimnetic CO2 from degassing (Assayag et al., 2008). As such, these lakes may best 
represent ocean systems that were heavily influenced by marine hydrothermal activity (Isley, 
1995) and weathering of mafic to ultramafic continental crust (Arndt, 1983), predominating in 
Archean to early Proterozoic. Lake La Cruz is located in a region underlain by limestone which 
undergoes annual summer precipitation events known as ‘whiting,’ in which calcium carbonate 
is produced in noticeable quantities caused by increased CO2 uptake by photosynthetic microbes 
(Rodrigo et al., 1993) and is a valuable analogue for carbonate-saturated oceans. 
The chemical composition of Brownie Lake and Canyon Lake reflect 1) interaction with 




inputs that provide a range of salinities. The utility of these Midwestern lakes as ferruginous 
ocean analogues may therefore be in understanding the influence of continental crust and 
sediments derived from it to evolving ocean chemistry and sedimentology. Such relevant settings 
would have increased with the emergence of non-mafic continental crust initiated by 3 Ga ago 
(Dhuime et al., 2015). As suggested above, the iron content of Brownie Lake may be related to 
the glacial till in the area, composed of shales and carbonates (Johnson et al., 2016), while 
Canyon Lake sits within Precambrian-aged bedrock, which has a thin cover of glacial till 
(Brubaker, 1975). The influence of shale-derived till likely increases the amount of manganese 
and sulfur present in Brownie Lake to the tens to hundreds of micromolar observed. Micromolar 
level sulfate in Canyon Lake may reflect the surrounding bedrock composition.  
Because of its redox sensitivity and its ability to form minerals, the estimates for Fe 
concentrations in ferruginous oceans vary widely in space and time, and depending on the local 
geochemical conditions, from tens to hundreds of mM at the highest (Morris & Horowitz, 1983; 
Mel’nik 1973) down to a few to hundreds of µM (Holland, 1973; Sumner, 1997; Tosca et al., 
2016; Eroglu et al., 2017). Most of this range is encompassed by Brownie Lake and Canyon 
Lake. The Fe concentrations in Brownie Lake and Canyon Lake range from tens to hundreds of 
nm in the oxic portion, to >1000 µM in bottom waters. These high iron concentrations may result 
from the weathering and redeposition of Precambrian shield rocks and sediments derived from it 
into the formerly glaciated regions where Brownie Lake and Canyon Lake are located, as 
discussed above.  
In terms of elemental inventories in Precambrian ferruginous oceans, there is much 
discussion in the literature regarding the availability of phosphate due to its role as an (often) 




which can be used to calculate the phosphate concentration in coeval seawater (Konhauser et al., 
2007), indicate that the phosphorus reservoir in the deep oceans in the Archean and early 
Proterozoic was up to four times larger than the modern reservoir (Planavsky et al., 2010). 
Quantitative estimates for the phosphate concentration of ferruginous oceans are 0.04 µM to 0.13 
µM (Konhauser et al., 2007). Recent work assessing the phosphorus content of fine-grained, 
near-shore sediments indicates that ferruginous deep oceans may have been accompanied by P-
starved conditions in the shallow ocean (Reinhard et al., 2017), presumably less than the 
concentrations inferred by Jones et al. (2015). This interpretation is based on the observation of a 
deep anoxic P sink as vivianite (FePO4) in ferruginous Lake Pavin (Cosmidis et al., 2014).  
In comparison to ferruginous ocean estimates, the dissolved phosphate concentrations are 
less than 1 µM in the mixolimnion of Lake Pavin, but increase to over 300 µM in bottom waters 
(Michard et al., 1994). At the other end of the phosphate spectrum is Lake Matano, where a 
maximum of 50 nM phosphate in surface waters constitutes its classification as ultra-oligotrophic 
(Crowe et al., 2008). Phosphate concentrations reached 8-10 µM in Matano bottom waters, with 
phosphate shuttling likely achieved via sorption to Fe (oxyhydr)oxides (Crowe et al., 2008). In 
contrast to Lake Pavin, authigenic particulates forming at the oxic-anoxic interface are green 
rusts, which were not reported to contain phosphate (Zegeye et al., 2012). Brownie Lake and 
Canyon Lake fall in between these two lakes, with Brownie Lake having 0.4 µM dissolved 
phosphate at 1 m, and 26.6 µM at 13 m, and Canyon Lake having 0.2 µM at 1 m, but much less 
of an enrichment in bottom waters, only 0.9 µM at 20 m (Table 2.1). The relationship between 
ferruginous conditions and phosphate availability is likely complex, controlled by sorption to 
Fe(III)-(oxyhydr)oxides in oxic waters (Bjerrum & Canfield, 2002; Konhauser et al., 2007; Jones 




factors such as the sulfate content of water may also control phosphate availability by interaction 
with iron (Blomqvist et al., 2004). A range of ferruginous systems provide a mechanism to test 
the controls over phosphate contents in the presence or absence of some of these factors, such as 
sulfate and iron content. 
Ferruginous lakes can also contribute to further understanding of the pathways of primary 
productivity active in past ferruginous oceans. Anoxygenic phototrophs that fix inorganic carbon 
using light and reduced Fe, “photoferrotrophs,” are thought to predate oxygenic phototrophs 
(Fischer et al., 2016) as the primary producers of early Earth, providing a crucial source of 
organic carbon for microbial life. The contribution of photoferrotrophs to primary productivity in 
several ferruginous lakes, where controls on their activity such as the presence of sulfide, have 
been documented (Crowe et al., 2008; Walter et al., 2014; Lliros et al., 2015). Oxygenic 
photosynthetic bacteria, similar to modern cyanobacteria, are thought to have appeared on Earth 
as early as 3 Ga based on evidence for atmospheric and surface ocean oxygen (Crowe et al., 
2013; Planavsky et al., 2014). In the scenario where both photosynthetic pathways may have 
been active, Fe:P > 424 is thought to favor photoferrotrophs, while Fe:P < 424 is thought to favor 
cyanobacteria (Jones et al., 2015). Additional lakes such as Brownie Lake and Canyon Lake, 
which have low Fe:P ratios in the photic zone (Brownie: 0 - 37; Canyon: 2 - 9), can help to 
define the range of physical and chemical conditions that support different types of 
photosynthesis. For instance, photoferrotrophy is unlikely at Canyon Lake, because light 
penetrates only to 11.5 m, and anoxic and Fe(II)-rich conditions exist only below 18 m. And, 
previous research has noted a paucity of cyanobacteria in Brownie Lake relative to other 





Another important biogeochemical aspect of ferruginous lakes is the methane cycle. A 
feature of most well-studied ferruginous lakes to date are the mM-range of methane 
concentrations in bottom waters (Crowe et al., 2011; Lopes et al., 2011; Oswald et al., 2016; 
Pasche et al., 2011), and Brownie Lake and Canyon Lake are no exception (Table 2.1). A unique 
section of Canyon Lake lies below where light can penetrate (11.5 m) and above the chemocline 
(18 m). Oxygen ranges from 30 µM at 12 m and 1.5 µM at 18 m. This "suboxic” zone may 
provide a niche for aerobic methanotrophs. Microbial methane oxidation has been found to be 
most active at these oxic/anoxic interfaces (Hanson & Hanson, 1996), and recent research in 
meromictic Lake Zug reinforces the hypothesis of active microbial methane oxidation in the 
suboxic zone. Researchers determined that the highest microbial methane oxidation potential was 
present at depths with 15-20 µM oxygen (Oswald et al., 2016). Constraining the physical, 
chemical and biological controls on methane cycling in ferruginous lakes may help to better 
understand the role of ferruginous oceans in methane emissions to the atmosphere, which may 
have moderated Archean climate (Kasting & Catling, 2003). 
Marine sulfur cycling was limited by the size of the sulfate reservoir prior to the 
beginning of coastal ocean oxygenation around 2.7 Ga. Archean surface ocean sulfate 
concentrations may have been below 50 µM (Crowe et al. 2014; Fakhraee et al., 2018). Sulfate 
concentrations reached 100s of µM in the early Proterozoic and may have reached as high as 4.5 
mM in the Proterozoic (Kah et al., 2004). At the micromolar sulfate concentrations found in 
these two lakes, microbial sulfate reduction, a more energetically favorable metabolism 
compared to methanogenesis, becomes significantly less competitive and re-mineralizes a 
correspondingly smaller fraction of organic material exported from the water column, channeling 




et al., 2002). Biologically produced methane can then become oxidized, coupling with available 
electron acceptors such as iron, manganese, nitrate, nitrite, and sulfate (Knittel & Boetius 2009). 
While efficient methane removal through sulfate-driven oxidation of methane (S-AOM) is well 
documented in marine environments with high sulfate levels (28 mM), there has not been 
corresponding investigation of this process in systems with µM sulfate. Brownie Lake and 
Canyon Lake therefore represent appealing systems in which to study this process. 
Thermodynamic calculations suggest the S-AOM pathway to be favorable down to a few µM of 
sulfate, yet anaerobic oxidation of methane under low sulfate condition has been speculated to be 
coupled with Fe, and Mn reduction (Crowe et al. 2011). Canyon and Brownie lakes thus provide 
a unique opportunity to not only quantify the minimum level of sulfate at which this microbial 
pathway occurs in natural systems, but also pave the road to investigate the role of S-AOM on 
methane removal in the Archean ocean, where sulfate may have been a more significant electron 
acceptor than Fe and Mn oxides. 
2.6 Conclusions 
As modern climate change scenarios, such as increasing temperatures, may poise lakes 
toward less frequent mixing (Stefan & Fang, 1997; Livingstone, 2003; Adrian et al., 2009), it is 
worth studying both anthropogenic and natural meromictic lakes on the ferruginous spectrum, so 
that we better know the role of these systems in modern global biogeochemical processes. 
Brownie Lake and Canyon Lake are meromictic lakes distinguished by the high concentrations 
of dissolved Fe (>1000 µM) in the anoxic bottom waters. Meromixis at Brownie Lake is due to 
anthropogenic perturbations: lake lowering in the early 1900s dropped the lake level deeper into 
its basin and reduced surface area, which prevents wind mixing. Its urban setting provides a 
source of road salt contamination, which has increased bottom water density and stabilized the 




deep basin at the north end of the lake. Canyon Lake has a northwest-southeast orientation, and 
is surrounded by canyon walls, which limit solar radiation and wind-mixing. These two systems 
fill in a gradient of physical, chemical, and biological attributes that are useful for studying the 
geochemical, microbiological, and mineralogical questions pertaining to early ferruginous 
oceans.  
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2.9 Supporting information 
The supporting information provides a water density profile for Brownie Lake, saturation 
indices for carbonate and redox-associated (Fe, Mn, S) minerals, ion concentrations by depth for 
multiple sampling trips, and Fe:P ratios across the water column for Brownie and Canyon Lakes. 
Saturation indices were calculated in Geochemist’s Workbench 12. Major ions were pumped 
from the water column at depth, filtered (0.45 Pm), and preserved with nitric acid (final conc. 
1%) until analysis using an ion chromatograph.  
Figure S1. Whole lake stability calculations for Brownie Lake, including water density 
profiles, the corresponding profiles of the stability frequency, and the Schmidt stability. Stability 
was calculated as in Katsev et al. (2010) and characterizes the energy required to mix the water 
column from lake surface down to a specified depth, to overcome the potential energy of 
stratification. Density calculations used a fixed conversion factor between conductivity and 

















Table S1. Major ion concentrations for Canyon Lake and Brownie Lake from multiple sampling 
trips between 2015-2018. All values are in micromolar. Dashed lines indicate no sample was 




























































Table S2. Dissolved iron and phosphorus ratios for Canyon Lake and Brownie Lake from 
multiple sampling trips in 2017. All values are in ppm. Dashed lines indicate no sample was 
















CHAPTER 3.    BIOGEOCHEMICAL AND PHYSICAL CONTROLS ON METHANE 
FLUXES FROM TWO FERRUGINOUS MEROMICTIC LAKES 
 
A paper in revision for Geobiology 
Nicholas Lambrecht1,2,3,4,5, Sergei Katsev1,2,3,4, Chad Wittkop2, Steven J. Hall3, Cody S. 
Sheik4,5, Aude Picard4, Mojtaba Fakhraee2, Elizabeth D. Swanner1,2,5 
 
3.1 Abstract 
Ferruginous lakes that are meromictic contain anoxic bottom waters that are abundant in 
iron and low in sulfate. These lakes typically have active methane cycles whereby methane is 
biogenically produced and a majority is oxidized prior to reaching the atmosphere. Here we 
explored controls on the methane fluxes from Brownie Lake and Canyon Lake, two ferruginous 
meromictic lakes that contain similar concentrations (max. > 1 mM) of dissolved methane in 
their bottom waters. The order Methanobacteriales was the dominant methanogen detected in 
both lakes. At Brownie Lake, methanogen abundance, an increase in methane concentration in 
respect to depths deeper near the sediment, and isotopic data suggest methanogenesis is an active 
process in the anoxic water column. At Canyon Lake, methane profiles point to methanogenesis 
primarily within the sediment. The most abundant aerobic methanotrophs present in both water 
columns were associated with the microaerophilic Gammaproteobacteria, with little evidence of 
anaerobic methane oxidizing organisms being present or active. Direct measurements of the 
                                                 
1 Authors designed the study 
2 Authors conducted the fieldwork 
3 Author carried out laboratory and/or modeling analyses 
4 Authors generated tables and figures 





surface methane flux revealed a maximum methane flux from Brownie Lake of 13.97 ± 14.38 
mmol m-2 hr-1, two orders of magnitude greater than the flux from Canyon Lake (0.21 ± 0.37 
mmol m-2 hr-1). Reaction-transport modeling indicates that at least 85% of the methane flux at 
Brownie Lake was non-diffusive. Although the diffusive methane flux at Canyon Lake was 
attenuated by methane oxidizing bacteria, methane was detected in the epilimnion, suggestive of 
lateral transport of methane from littoral sediments. These results highlight the importance of 
direct measurements in estimating the total methane fluxes from shallow water columns. As 
ferruginous lakes have some biogeochemical analogy to oceans of the Archean and Proterozoic, 
non-diffusive transport of methane may be an important but overlooked source of methane to 
Earth’s early atmosphere. 
3.2 Introduction 
Ferruginous (Fe-rich and anoxic) lakes that are meromictic (i.e. permanently stratified 
with respect to salinity) have been noted for their active CH4 cycling, which includes the 
biological production of CH4 in the anoxic sediment, and diffusion of CH4 into the overlying 
water column where oxidation occurs (although, see Pasche et al. (2011) for alternative pathways 
in volcanic lakes). The lack of vertical mixing and anoxic bottom waters that are depleted of 
electron acceptors (e.g. NO3- and SO42-) lead to the accumulation of CH4 in the water column.  
Methane production rates under ferruginous conditions depend on the importance of 
methanogenesis relative to other carbon mineralization pathways, such as SO42- and Fe 
reduction. Thermodynamic considerations suggest the presence of Fe(III)-(hydr)oxides should 
impede methanogenesis (Reeburgh, 2007). This is due to the relative energy microbes yield from 
Fe(III)-reduction coupled to organic matter oxidation, which is ~ 28x more compared to 




pH, Fe(II) is several orders of magnitude more soluble than Fe(III) (Thamdrup, 2011) and can 
sorb to Fe(III)-(hydr)oxide surface sites. This interaction renders the Fe(III)-(hydr)oxides less 
accessible to Fe(III)-reducing microbes (Roden and Urrutia, 1999; 2002).  
In general, archaea mediate the production of CH4 through methanogenesis. The 
oxidation of CH4 in lakes has largely been noted to occur at the oxic-anoxic boundary by aerobic 
bacteria (Hanson and Hanson, 1996), with fewer observations of anaerobic oxidation of methane 
(AOM) by anaerobic methanotrophic archaea (ANME) (e.g. Eller et al., 2005; Schubert et al., 
2011). The role of microbes active in CH4 cycling has been surveyed in ferruginous meromictic 
lakes such as Lake La Cruz, Lake Matano, Lake Svetloe, and Lake Pavin (Biderre-Petit et al., 
2011; Crowe et al., 2011; Oswald et al., 2016a; Savvichev et al., 2017).  
Despite the permanently high CH4 reservoir in ferruginous meromictic lakes, CH4 fluxes 
to the atmosphere are estimated to be low based on vertical reaction-transport modeling which 
heavily favors diffusional transport mechanisms. In one instance at Lake La Cruz, the aerobic 
methanotrophic community are suggested to mitigate all CH4 emissions (Oswald et al., 2016a). 
In other lakes (e.g. Kabuno Bay, Lake Pavin, and Lake Matano), the depth of the water columns 
allow for oxidation of diffused CH4 before significant portions can reach the atmosphere (Borges 
et al., 2011; Lopes et al., 2011; Sturm et al., 2018). In all cases, the CH4 fluxes in these lakes are 
estimated to be lower compared to the lacustrine global average CH4 flux (0.11 mmol m-2 hr-1; 
Aselmann and Crutzen, 1989). 
Ferruginous meromictic lakes can serve as analogs for Precambrian oceans in terms of 
their bottom water geochemistry. Understanding factors that control CH4 cycling from 
ferruginous systems can help discern how carbon was cycled under the geochemical conditions 




thought to have regulated early Earth climate in the Archean. Paleoatmospheric modeling 
suggests that CH4 is the best candidate to have warmed early Earth, in addition to CO2, during 
the Archean (see Olson et al., 2018 and references therein). As soon as methanogenesis evolved 
~ 3.5 Ga, (Ueno et al., 2006; Wolfe and Fournier, 2018), CH4 could begin to accumulate in the 
reduced Archean atmosphere. In the absence of O2, CH4 is estimated to have reached a 
maximum of ~50x pre-industrial atmospheric levels (ca. 700 ppb; Etheridge et al., 1998) 
assuming pCO2 near upper paleosol limits (Olson et al., 2018). After the “Great Oxidation 
Event” (ca. 2.4 Ga), pCH4 in the atmosphere is estimated to have decreased to ~25 ppmv by the 
mid-Proterozoic due to microbial oxidation mitigating CH4 fluxes (Fakhraee et al., 2019). 
Specifically, O2-induced continental S2- weathering introduced SO42- to the oceans where SO42--
based AOM diminished the flux of CH4 drastically (Canfield, 2005; Catling and Claire, 2007). 
Despite the introduction of SO42-, ferruginous oceanic conditions persisted throughout most of 
Earth’s history until the oxygenation of the deep oceans around 0.58 Ga (Canfield et al., 2007; 
Poulton and Canfield, 2011).  
Models for oceanic CH4 emissions during the Archean and Proterozoic eons disregard the 
non-diffusive transport of gas from anoxic sediments to the atmosphere (i.e. ebullition), despite 
the acknowledgement that this transport of CH4 was likely a major mechanism in shallow 
environments (e.g. Daines and Lenton, 2016). Pelagic fluxes in the Archean/Paleoproterozoic 
ocean were likely small, but the shallow waters on continental margins are hypothesized to have 
been more productive and have higher inputs of labile organic carbon (Laakso and Schrag, 
2018). Today, coastal and upwelling areas are still intense regions of primary productivity. The 
flux of CH4 from the modern ocean is in the range of 11-18 Tg CH4 yr-1, and 75% of this total is 




What ways can CH4 be emitted from shallow ferruginous lakes? Substantial CH4 
emission to the atmosphere via non-diffusive transport has been shown to occur out of water 
columns < 100 m deep (McGinnis et al., 2006). Of the early Earth analogs studied where the 
water columns are less than this threshold (Lake La Cruz and Lake Svetloe), the CH4 flux has not 
been directly measured. Second, is the CH4 flux from shallow ferruginous lakes larger than other 
lakes used as early Earth analogs? We set out to explore CH4 biogeochemical dynamics in two 
ferruginous lakes to answer these questions. Brownie Lake and Canyon Lake are two meromictic 
lakes in the Midwest, U.S.A. that have anoxic and Fe-rich bottom waters (>1 mM dissolved Fe 
below the chemocline) (Lambrecht et al., 2018). Our goal was to evaluate the role of diffusive 
and non-diffusive CH4 fluxes to the atmosphere and quantify these CH4 fluxes in our two 
ferruginous lakes with different sulfate concentrations. We took direct measurements of the 
surface CH4 flux using floating chambers, and measured CH4 and DIC concentrations and stable 
isotopes throughout the water column over multiple seasons. We investigated the role of 
microbes in CH4 production and oxidation through 16S rRNA gene sequencing. Our results were 
interpreted through reaction-transport modeling to determine the significance of non-diffusional 
transport pathways for CH4 emissions from these lakes. 
3.3 Methods 
3.3.1 Site description and sample collection 
Brownie Lake is located on the Chain of Lakes in Minneapolis, Minnesota (Myrbo et al., 
2011). It is an anthropogenically impacted, eutrophic lake with a surface area of 5 ha and a 
maximum depth of 14 m, with a relative depth of 5.6%. Brownie Lake became meromictic in the 
early 1900s due to lake-level lowering, which reduced its surface area and increased its relative 




Road salt, which has been in use since the mid-1900s (Swain, 1984), currently imparts additional 
stability against mixing (Lambrecht et al., 2018). Furthermore, the thermocline and halocline are 
at the same relative location in the water column (~ 5 m). These profiles, along with water 
sampling methods, were previously described (Lambrecht et al., 2018). Water samples were 
collected from the deepest part of Brownie Lake (Fig. 1). Sampling campaigns were carried out 
in May 2017, July 2017, September 2017, and June 2018. 
Canyon Lake is a pristine lake nestled in the Huron Mountains in the Upper Peninsula of 
Michigan. The maximum depth is 23 m and the approximate surface area is 1 ha (Anderson-
Carpenter et al., 2011). Previous seasonal monitoring of Canyon Lake revealed a thermocline 
near the surface between 3 – 4 m and a persistent halocline existing at ~ 17 m (Lambrecht et al., 
2018). It is likely naturally meromictic and ferruginous, due to its great depth relative to its small 
surface area, along with wind protection from the surrounding 20 m high canyon walls (Smith, 
1940; Lambrecht et al., 2018). Canyon Lake was sampled in June 2017, September 2017, and 
May 2018. Additional details regarding sample collection can be found in Lambrecht et al. 
(2018). 
3.3.2 Water column profiles 
Dissolved O2 (LDO model 1 luminescent sensor; detection limit of 3 µM) and 
chlorophyll a were measured by lowering a Hydrolab Series 5 multiprobe (Hach) through the 
water column of each lake. Sensors were rinsed with deionized water prior to calibration. The 
dissolved O2 probe was calibrated using 100% air-saturated water. The chlorophyll a sensor has 






Figure 3.1. Map showing the location of Minnesota and Michigan within the U.S.A. (inset), and bathymetric maps of Brownie Lake 



























3.3.3 Aqueous geochemistry 
Samples for dissolved anions (NO3-, NO2- and SO42-; detection limits of 0.1 mg L-1) and 
cations (dissolved Fe and Mn; detection limits of 20 nmol) were filtered using 0.45 µm 
polyethersulfone (PES) filters (Sartorius). Dissolved cation samples were preserved with HNO3 
at a final concentration of 1%. All samples were kept on ice or at 4 °C until analysis. Anions 
were analyzed using an ion chromatograph (IC) and cations were analyzed by inductively 
coupled plasma-optical emission spectrometry (ICP-OES) at the University of Minnesota 
Research Analytical Laboratory. 
3.3.4 Methane and DIC concentration, isotopes, and flux 
Samples for CH4 analyses were filtered using 0.45 µm PES filters and filled into 
evacuated Exetainers (Labco, U.K.) with no headspace using a needle attached to the syringe 
filter. Dissolved inorganic carbon (DIC) samples were filtered (0.45 µm PES) and injected into 
exetainers that were He-flushed and contained 1 mL of concentrated phosphoric acid. Methane 
and DIC concentrations and isotopes were analyzed at the UC-Davis Stable Isotope Facility 
compared against the Vienna Pee-Dee Belemnite international reference standard, with standard 
deviations of 0.2 and 0.1 ‰ respectively.  
Methane gas fluxes from the lake surface to the atmosphere were measured with static 
flux chambers using a foam base for flotation. Chamber lids (acrylonitrile) and collars (polyvinyl 
chloride) had a diameter of 26 cm and a height of 22 cm. Chambers were vented using the design 
of Xu et al. (2006) to minimize pressure perturbations due to the Venturi effect. Each flux 
measurement was calculated using a time series of five gas samples collected every five minutes 
following closure of the chamber over the collar. Samples were collected by extracting 20 ml of 




evacuated 12 ml Exetainer vial. Five independent flux measurements per sampling campaign 
(five total) were made for the open water zone directly above the anoxic sediments. Methane 
concentrations were measured by gas chromatography at Iowa State University using a flame 
ionization detector and thermal conductivity detector. Fluxes and standard deviation were 
calculated from time series of gas concentrations by selecting the optimum model (either a 
nonlinear diffusion model based on Fick’s law or a linear trend) using the HMR package 
(Pedersen, 2017) in R. 
3.3.5 Flux modeling at Brownie Lake 
Vertical fluxes of CH4 by local (diffusional) processes were obtained from a geochemical 
reaction-transport model using data from May 2017 at Brownie Lake. Transport rates by 
turbulent eddy diffusion were determined by the balance between the rates of turbulent energy 
dissipation, which reflects wind forcing, and the strength of the density gradient, characterized 
by the Brunt-Vaisala stability frequency N (Osborn, 1980). In turbulent epilimnion, the vertical 
eddy diffusion coefficient (Kz, m2 s-1) often may be phenomenologically approximated (e.g. 
Katsev et al., 2010) as Kz=3x10-10 N-2. In the calm, stratified interior the less vigorous energy 
dissipation is expected to result in lower values of Kz, with turbulence being slightly higher in 
the bottom boundary layer (McGinnis and Wuest, 2005). In the absence of physical turbulence 
measurements, we calculated Kz in the epilimnion from the measurements-based N and 
approximated Kz below the thermocline by fitting the measured chemical profiles, using multiple 
species to better constrain the model (Supporting Information Fig. 1). As this approach 
necessarily relies on the chemical profiles being approximately steady, seasonal variations and 
mixing by storms can introduce uncertainty. We therefore restrict the analysis to Brownie Lake, 




reaction-transport model set up in MATLAB simulated vertical profiles of chemical species as 
steady-state solutions of a boundary-value problem. Decomposition of organic matter was 
considered throughout the water column at a fixed rate RC (with a fitted value of 0.425 mmol m-3 
hr-1) and in sediments at the average areal rate of Fsed (0.416 mmol m-2 hr-1). These were used to 
calculate the corresponding rates for the consumption of O2 and the generation of DIC and NH4+ 
(with the C:N ratio of 17). Prescribed flux boundary conditions were used for DIC and NH4+ at 
the lake bottom, and a fixed-concentration boundary condition was used for O2 at the lake 
surface. The eddy diffusion coefficient Kz(z) was adjusted as a function of depth to fit all the 
profiles simultaneously (Supporting Information Fig. 1). The diffusive fluxes of CH4 were then 
calculated from the CH4 concentration gradient as F=-Kz (d[CH4]/dz). Estimates for the non-
diffusive fluxes were obtained from the differences between the calculated diffusive and 
measured total fluxes.  
3.3.6 Microbiology 
Microbial community composition was assessed using high throughput 16S rRNA gene 
sequencing. A total of 17 depths (13 whole meter and 4 half meter depths) were sampled from 
Brownie Lake in 2017. Sequencing data was not collected at every depth in May (2.5, 9, and 13 
m excluded) and September (2.5 and 3.5 m excluded). At Canyon Lake, 26 depths (21 whole 
meter and 5 half meter depths) were sampled in 2017. Samples for sequencing were not collected 
at 9.5 and 21 m in June and 13.5 and 15.5 m in September. 
3.3.6.1 Sample collection, filtering, and preservation 
Water samples were collected from discrete depths using a 5 L Van Dorn bottle. 
Individual water samples were subsampled (volumes of ca. 250-500 mL) and transported in 




on ice in a dark cooler (max. two hours) to minimize microbial activity until on-shore filtration. 
A Masterflex portable peristaltic sampler (Cole-Parmer) was used to concentrate cellular 
biomass of particle-associated microbes, and planktonic microbes (3 and 0.22 µm PES filters; 
Millipore), respectively. Filters were submerged in a house-made RNA preservation solution (De 
Wit et al., 2012) in cryovials and stored on dry ice during transport and then a -80℃ freezer until 
DNA extraction. 
3.3.6.2 DNA extraction 
Extraction of DNA from preserved filters was performed using modified steps from 
Lever et al. (2015). Filters were thawed and aseptically cut in half. Cellular lysis was performed 
using a lysis solution (30 mM tris hydrochloride, 30 mM EDTA, 800 mM guanidine 
hydrochloride, 0.5% Triton X-100) at pH 10, followed by a round of freeze-thawing. Nucleic 
acid extracts were purified using one volume of chloroform-isoamylalcohol (24:1). After 
purification, DNA was precipitated with one volume of PEG 6000 (30% v/v) and a 0.5 volume 
of 1.6 M NaCl. Two subsequent washes of the DNA pellet with 70% ethanol were used to 
remove the PEG-NaCl. DNA pellets were dissolved in PCR grade water. 
3.4 Results 
3.4.1 Geochemical conditions 
3.4.1.1 Brownie Lake 
Dissolved O2 was ~ 250 μM at 1 m and decreased to undetectable levels by 3-5 m (Fig. 
2A). The oxycline was located at ~ 2-3 m in the summer months vs. ~ 4.5 m the spring and fall. 
The chlorophyll a maximum was consistently located at the base of the oxycline (Fig. 2B). 
Above the oxycline, dissolved Fe concentrations were <1 μM. Dissolved Fe concentrations 




dissolved manganese (Mn) was detected (< 0.5 µM; Fig. 2D). Manganese concentrations peaked 
in the suboxic zone, and this trend was observed in all months besides June 2018, where the 
maximum concentration (~ 90 µM) was present at the oxycline. Sulfate (SO42-) concentrations 
were highest at or above the oxycline for all months sampled (Fig. 2E). The maximum SO42- 
concentration was measured in June 2018 (~ 85 µM). Below the oxycline, SO42- concentrations 
decreased to < 5 μM near the sediment surface. Nitrate (NO3-) was below detection in all months 
in 2017 (Fig. 2F). Nitrate concentrations were maximally ~ 5 µM below the oxycline in June 
2018. Concentrations of nitrite (NO2-) were below detection (~ 2 µM) at all depths measured 
throughout the 2017 - 2018 field sampling campaign. 
3.4.1.2 Canyon Lake 
Dissolved O2 was ~ 250 μM at 1 m and decreased to undetectable levels at 15 m in June 
and 11 m in September 2017 (Fig. 2G). The largest Chl a measurement in 2017 was 3.9 μg L-1 at 
2 m in June 2017 (Fig. 2H). The epilimnion contained dissolved Fe between 1 - 2 μM (Fig. 2I). 
Dissolved Fe concentrations began to increase at 15 m and were highest (> 1.5 mM) above the 
sediment-water interface. Dissolved Mn was present in the oxic waters at submicromolar levels 
(Fig 2J). Dissolved Mn followed a similar trend as Fe down the water column with the maximum 
concentration ~ 140 μM. Sulfate concentrations were ~ 6 μM in the epilimnion down to 15 m, 
from where concentrations decreased to undetectable levels (Fig. 2K). Nitrate reached 8 μM at 
12.5 m and 17.5 m in June 2017, but was at or just above detection throughout the water column 

































Figure 3.2. Physicochemical profiles and distribution of dissolved chemical species and ions. A - F: Brownie Lake. G - L: Canyon 
Lake. (A, G) Oxygen (detection limit ~ 3 µM); (B, H) Chlorophyll a profiles. Depth profiles of (C, I) dissolved Fe concentrations 
quantified by ICP-OES; (D, J) dissolved Mn concentrations determined by ICP-OES; (E, K) sulfate concentrations quantified by IC; 
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3.4.2 Methane and DIC 
3.4.2.1 Brownie Lake 
In 2017, the highest concentration of CH4 above the oxycline was 1 µM in May and 9 
µM in 2017 (Fig. 3A). Methane concentration was high above the oxycline in June 2018 (~ 80 
µM). Concentrations of CH4 generally increased steadily with depth below the oxycline. 
However, the maximum CH4 concentrations were not measured directly above the sediment-
water interface, but rather a meter or two above for all months except July 2017 (Fig. 3A). The 
C-CH4 isotopic composition (δ13CCH4) was consistently around -64 ‰ below 6 m (Fig. 3B). In 
May, a + 41 ‰ excursion to less negative values occurred between 6 m and 4.5 m. Shifts to less 
negative values also occurred in September 2017 between 4.5 and 4 m (+16 ‰) and June 2018 
between 3.5 and 3 m (+8 ‰) (Fig. 3B).  
The concentration of dissolved inorganic carbon (DIC) was roughly 1 to 2 mM at 1 m for 
all months sampled (Fig. 3C). DIC concentrations increased deeper into the water column, with 
similar trends observed between sampling campaigns in 2017. DIC concentrations were higher 
above 7 m and lower below 7 m in June 2018 compared to sampling campaigns in 2017. The 
maximum concentration of DIC measured was 14 mM in July (Fig. 3C). The δ13CDIC values were 
lower deeper through the water column until 5 m in 2017 (Fig. 3D). In May and July, δ13CDIC 
values exhibited a “saw tooth” pattern around their respective oxyclines, whereby δ13CDIC values 
became lower, then higher, then lower. Below 5 m the δ13CDIC values trended towards less 
negative values (Fig. 3D). 
3.4.2.2 Canyon Lake 
In the oxic surface waters, CH4 concentrations varied between 0.1 and 1.5 µM (Fig. 3E 





Figure 3.3. Dissolved methane and DIC profiles. A - D Brownie Lake. E - H Canyon Lake. (A, 
E) Methane concentration; (B, F) corresponding methane stable carbon isotopes (δ13CCH4); (C, 
G) DIC concentration; and (D, H) corresponding DIC stable carbon isotopes (δ13CDIC). Methane 
and DIC concentration measurement error is ± 5%. Isotope standard deviations are less than 
symbol size. 
 
maximally 1.9 mM in May 2018 (Fig. 3E). The δ13CCH4 was roughly -72 ‰ below 16 m, except 
for an increase to -65 ‰ at 19 m in June 2017 (Fig. 3F). Above 16 m, each month varied in their 
δ13CCH4 profile. In June 2017, the largest excursion occurred between 16 and 13.5 m (+ 72 ‰). 




values (~ -47 ‰). The δ13CCH4 profile in September 2017 included two excursions towards less 
negative values between 12 and 11 m (+ 18 ‰) and 5 and 3 m (+ 16 ‰) (Fig. 3F). In May 2018, 
the δ13CCH4 values were consistent throughout the water column (~ -72 ‰). 
DIC concentrations were highest nearest the sediment-water interface (~ 6 mM) and 
decreased towards the surface (Fig. 3G). Surface waters had DIC concentrations between 0.2 and 
0.3 mM. Above the sediment-water interface 𝛿13CDIC values were positive, with the highest 
δ13CDIC value measured at 20 m in June 2017 (1.64 ‰) (Fig. 3H). The δ13CDIC values trended 
negative until roughly 14 m (-20 ‰), and remained around this value until 5 m. The surface 
waters exhibited δ13CDIC values of ~ -10 ‰ in 2017 and ~ -13 ‰ in 2018.  
3.4.3 Methane flux 
The CH4 flux at the water-atmosphere interface from each sampling campaign, 
determined by averaging the value of the five independent measurements, is summarized in 
Table 1. including the highest and lowest CH4 flux measurement. The CH4 flux was highest at 
Brownie Lake in July 2017 (13.97 mmol m-2 hr-1) and at Canyon Lake in May 2018 (0.21 mmol 
m-2 hr-1). At Brownie Lake, there was a positive correlation between CH4 flux values and 
chlorophyll a measurements obtained during the same sampling periods (Supporting Information 
Fig. 2). This correlation was not observed at Canyon Lake. 
The calibrated vertical transport rates (Supporting Information Fig. 1) were used to 
estimate the diffusive fluxes of CH4 at Brownie Lake in May 2017. The CH4 concentration 
gradient in the epilimnion of Brownie Lake was less than 0.07 µM m-1, while the gradient in the 
thermocline (4.5-5.5 m) was between 30 µM m-1 and 100 µM m-1. For the values of Kz in 
Supporting Information Fig. 1, calculations yield diffusive fluxes of 0.0025-0.25 mmol m-2 hr-1 




water CH4 flux of 3.48 mmol m-2 hr-1 in May 2017, these numbers suggest that over 85% of the 
flux is non-diffusive. While this number involves uncertainties associated with the estimated KZ 
values, it does suggest a significant non-diffusive contribution of CH4 to the open water flux 
from Brownie Lake.  
Table 3.1. Methane flux measurements over open water using floating chambers. 
Sampling 
Month 
Average CH4 Flux  
(mmol m-2 hr-1) 
Standard 
Deviation 
Highest CH4 Flux  
(mmol m-2 hr-1) 
Lowest CH4 Flux  
(mmol m-2 hr-1) 
Brownie Lake     
May (2017) 3.48 3.76 10.60 0.19 
July (2017) 13.97 14.38 38.83 2.75 
September 
(2017) 1.15 0.45 1.63 0.49 
June (2018) 4.23 5.54 13.78 0.34 
Canyon Lake     
June (2017) 0.04 0.02 0.06 0.02 
September 
(2017) 0.05 0.07 0.17 -0.02* 
May (2018) 0.21 0.37 0.92 0.01 
 
*One replicate in September 2017 at Canyon Lake experienced net consumption of methane 
instead of a net emission to the atmosphere 
     
3.4.4 Microbial composition of methane cycling organisms 
Sequences with > 97% similarity to five methanogen orders within the Euryarchaeota 
phylum (Methanobacteriales, Methanomicrobiales, Methanosarcinales, Methanocellales, and 
Methanomassiliicoccales), candidate phylum Bathyarchaeota, and candidate order 
Methanofastidiosales were retrieved from Brownie Lake and Canyon Lake in 2017 (Fig. 4). 
Euryarchaeota was the most abundant methanogen-containing phylum present in both lakes. 
Methanobacteriales was the most dominant order, encompassing between 64-75% of 
methanogen sequences at Brownie Lake and 48-58% at Canyon Lake in 2017. Ca. 




sequences recovered; Canyon: 6 total sequences recovered). No sequences were identified from 
the novel candidate phylum Verstraetearchaeota. To ensure the remaining archaeal sequences 
were indeed methanogens and not ANME archaea, all OTU sequences were compared to a 
database of ANME sequences identified from a low SO42-, Fe-rich freshwater sediment using 
BLAST (Boratyn et al., 2013; Weber et al., 2017). We identified no ANME sequences within our 
dataset similar to these putative ANME reference sequences. 
Type 1 methanotrophs (within the Gammaproteobacteria) were the most abundant 
aerobic methane-oxidizing bacteria (MOB) retrieved from both water columns, followed by 
Type 2 methanotrophs (within the Alphaproteobacteria) in 2017 (Fig. 4). Type 2 methanotrophs 
were more abundant in Canyon Lake than in Brownie Lake above the oxycline. The family 
Methylacidiphilaceae has recently been described as aerobic MOB that grow in acidic 
geothermal areas (Op den Camp et al., 2009 and references therein). However, 
Methylacidiphilaceae-like OTUs were present throughout the circumneutral water columns of 
Brownie Lake and Canyon Lake in 2017. Thirteen sequences (0.003% of total sequences 
recovered) from a member belonging to phylum Rokubacteria (formerly NC10) known to 
perform nitrite-dependent anaerobic oxidation of CH4, genus Ca. Methylomirabilis, were 
recovered in 2017 from Brownie Lake despite NO2- levels below our detection. Similarly, six 
Ca. Methylomirabilis sequences (0.001% of total sequences recovered) were retrieved from 





























Figure 3.4. Percent relative abundance of methanogens and methanotrophs compared to total sequences recovered at depth from all 
sampling campaigns in 2017. A. Brownie Lake. The phylum Euryarchaeota accounted for ~ 94 % of total methanogen sequences. 
Type 1 methanotrophs (Gammaproteobacteria) made up 91 % of methanotroph sequences retrieved from the water column. B. Canyon 
Lake. Euryarchaeota sequences represented 82 % of total methanogens followed by candidate phylum Bathyarchaeota (~ 18%). 







3.5.1 Methane flux modeling conflicts with direct measurements  
A clear result of the modeling of the eddy diffusion coefficient (Supporting Information 
Fig. 1) coupled to direct measurements using static flux chambers, is that the amount of CH4 
being emitted from Brownie Lake cannot be explained in terms of diffusional transport out of 
bottom waters. In addition, as our measurements come from the middle of the lake, a plant 
mediated flux is absent. In the absence of vertical convection, the other pathway for gas to 
escape is ebullition, a transport mechanism with high spatiotemporal variability (Bastviken et al., 
2004). Ebullition is frequently observed to be dominant in lakes, but is rarely measured for CH4 
emissions (Sanches et al., 2019). It is especially important in shallow lakes (< 20 m deep) as 
bubbles have lower hydrostatic pressure to overcome (Bastviken et al., 2004; 2011). Modeling of 
deeper ferruginous lakes, such as Lake Matano, Kabuno Bay, and Lake Pavin, suggests that 
diffusional CH4 fluxes should be small because the slow transport of CH4 allows for oxidation in 
the water columns before CH4 reaches the atmosphere (Table 2; Borges et al., 2011; Lopes et al., 
2011). Similar modeling in relatively shallow Lake La Cruz assumes that CH4 is transported 
upwards in the lake via diffusion and is likely completely oxidized by microbes in the water 
column (Oswald et al., 2016a). However, without direct measurements, the contribution of 
ebullition to the total CH4 flux is ignored. For example, other authors have noted rising bubbles 
that contain roughly 50% CH4 reaching the atmosphere in Lake La Cruz (Camacho et al., 2017).  
Increased sedimentary gas venting episodes have been observed to occur with precipitous 
drops in hydrostatic pressure due to changes of water level in lakes and reservoirs (Chanton et 
al., 1989; Casper et al., 2000; Scandella et al., 2016). In 1916, a canal was created to connect 




days (Wirth, 1946; Swain, 1984). Mechanistically, decreasing hydrostatic pressure reduces stress 
causing gas pockets to become more ductile in sediments, and when stress reaches a critical 
point, these gas pockets create vertical channels out of the sediments (Boudreau et al., 2005; Jain 
and Juanes, 2009). The precipitous water level drop that Brownie Lake experienced would have 
caused rapid degassing in the sediments, creating conduits for future bubble transport out of the 
sediment. Once a conduit has formed in sediment, subsequent bubbles can re-open the fracture 
with ease (Algar et al., 2011; Scandella et al., 2017). We suggest that these conduits give rise to 
the high non-diffusive fluxes from Brownie Lake, likely through ebullition. 
Another factor contributing to the CH4 cycle in Brownie Lake is CH4 production. 
Eutrophic lakes have higher abundances of photosynthetic microbes and higher rates of primary 
production (Schindler, 1978). NPP has been shown to have a linear relationship with CH4 flux 
across diverse lakes (Huttunen et al., 2003; Juutinen et al., 2009; Davidson et al., 2015) and 
wetlands (Whiting and Chanton 1993). Therefore, net primary productivity (NPP) could 
represent a crucial control on CH4 emissions from Brownie Lake. DelSontro et al. (2016) noted a 
positive, significant correlation between Chl a concentration (0.2 m below the water column 
surface) and CH4 fluxes (both diffusive and ebullitive) from their pond and lake field sites. This 
further suggests that more productive systems tend to have higher fluxes. This relationship is 
indicated at Brownie Lake from the correlation of Chl a present in the surface waters (1 m) and 
the measured flux of CH4 during the concurrent sampling campaigns (R2 = 0.79; Supporting 
Information Fig. 2). 
Unlike Brownie Lake, one dimensional modeling to estimate vertical diffusion of CH4 is 
not appropriate at Canyon Lake where the vertical chemical profiles (e.g. O2) above the 




profiles display a distinctive trend where concentration is below detection (or less than one 
micromolar) in the oxic water and then increases towards the surface (Fig. 3E inset). As 
diffusion cannot occur against the concentration gradient, the CH4 in the surface layer most 
likely originates from lateral transport of CH4 produced in littoral sediments (Supporting 
information Table 2). Another source of CH4 in the oxic waters could be aerobic demethylation 
of methylphosphonate (e.g. Yao et al., 2016; Wang et al., 2017), however, this was not assessed 
in this study.  
3.5.2 Water column methanogenesis  
 Methanogenesis conventionally occurs in lacustrine sediments where fermentation of 
organic matter provides the organic and inorganic compounds necessary for methanogenesis in 
high concentrations relative to the water column (Rudd and Hamilton, 1978). However, 16S 
rRNA gene amplicon sequencing in Brownie Lake from 2017 revealed that ~ 31% of sequences 
at 11 and 12 m belonged to known methanogen orders (Fig. 4A). In addition, CH4 concentrations 
at 11 and 12 m were elevated compared to CH4 concentrations nearest the sediment (Fig. 3A). 
The δ13CCH4 signatures at 11 and 12 m (-64 ‰; Fig. 3B) are well within the range of -50 to -110 
‰, which is consistent with biogenic CH4 production (Whiticar, 1999). This anomaly contrasts 
with the geochemical reaction-transport modeling which predicted that reduced species would be 
at their highest concentrations at the sediment-water interface (Supporting Information Fig. 1), 
and implicates active water column methanogenesis in the monimolimnion of Brownie Lake. 
Water column methanogenesis has been noted at Lake Matano (Crowe et al., 2011) and Lake 
Svetloe, although rates were two orders of magnitude less than rates measured in the sediment 





3.5.3 Methanotrophy within the water column 
There is a general decrease in CH4 concentration from the sediment-water interface 
towards the oxycline, except for peaks in the concentration at 11 and 12 m in Brownie Lake, 
signifying diffusional transport of CH4. Methane oxidation, as evident by the less negative 
𝛿13CCH4 values above 6 m, occurs at or immediately below the chemocline (Fig. 3B). 
Fractionation of the 𝛿13CCH4 consistent with methanotrophy created excursions towards less 
negative 𝛿13CCH4 values at 4.5 m in May 2017 (-51 ‰ to -21 ‰), 4 m in September 2017 (-62 ‰ 
to -45 ‰), and 3 m in June 2018 (-63 ‰ to -55 ‰). Furthermore, the “saw tooth” pattern of the 
𝛿13CDIC values at the chemocline, most notably observed at Brownie Lake in May and July 2017, 
is indicative of the oxidation of isotopically lighter CH4 (Fig. 3D). Low (but detectable) O2 
concentrations, a peak in the relative abundance of methanotrophs, and a consistent excursion to 
higher 𝛿13CCH4 isotopes indicate a role for aerobic MOB at the chemocline. Canyon Lake shows 
similar trends in CH4, 𝛿13CCH4, and aerobic MOB in June 2017. Notable in June 2017 was an 
extreme + 72 ‰ excursion between 16 and 13.5 m. Similar observations in the 𝛿13CCH4 isotope 
profiles have been attributed to aerobic methanotrophs at the oxic-anoxic boundary in other lakes 
(e.g. Schubert et al., 2006; Blees et al., 2014; Oswald et al., 2016a, b). Lastly, microbes capable 
of AOM were not detected nor were there geochemical signatures of this process, suggesting this 
pathway for CH4 oxidation is negligible in the water column of both study sites. 
3.5.4 Ferruginous conditions favor methanogenesis 
We have shown evidence supporting active methanogenesis in Brownie Lake, possibly in 
both the sediments and water column. We also observed both Fe(II)- and Fe(III)-bearing mineral 
phases in Brownie Lake sediment cores (Supporting information Fig. 3), indicating that while 




conditions. The overwhelming majority of recovered methanogen sequence reads in both water 
columns belong to hydrogenotrophic organisms, and although the microbial diversity of the 
sediments were not profiled, putative hydrogenotrophic methanogenesis under ferruginous 
conditions would be consistent with prior studies (see Bray et al., 2017). The persistence of 
Fe(III) oxides to sediment has also been observed in other seasonally-stratified ferruginous lakes 
(Davison, 1993). Crowe et al. (2011) suggested that Fe(III)-minerals may be resistant to 
microbial reduction in ferruginous systems, and our data support this. A precedent for the 
dominant role of methanogenesis in organic carbon degradation has also been put forward by the 
activity measurements of different anaerobic pathways in ferruginous Lake Svetloe (Savvichev 
et al., 2017), and similar work would be useful in Brownie and Canyon Lakes. 
3.5.5 Methane emissions from ancient ferruginous oceans 
The microbiological processes and biogeochemical cycling occurring in meromictic, 
ferruginous lakes is often invoked as having analogy to redox-stratified and ferruginous oceans 
of the Archean and Proterozoic eons (Poulton and Canfield, 2011). Examples of such analogs 
include Lake Matano, Lake Pavin, Lake La Cruz, and Lake Svetloe. Recent work in these lakes 
have highlighted their utility to investigate microbiological, physical, and chemical aspects of 
CH4 cycling (e.g. Crowe et al., 2011; Lopes et al., 2011; Oswald et al., 2016a; Savvichev et al., 
2017). The relevance of the CH4 cycle in ferruginous lakes compared to early Earth oceans has 
been most thoroughly discussed in the context of Lake Matano, and has given rise to active 
debate surrounding organic matter preservation in ferruginous oceans (Crowe et al., 2011; Kuntz 
et al., 2015; Laakso and Schrag, 2019). Nonetheless, the global climate system of the Archean 
appears sensitive to the specific microbial pathways involved in CH4 and carbon cycling in 




influence their environment highlights the importance of identifying the effects a ferruginous 
water column has on methanogenesis and CH4 fluxes, which can be investigated in modern lakes 
(Laakso, 2018). 
The microbial production of greenhouse gases under ferruginous conditions has led to the 
suggestion that gases such as CH4 or N2O could have been important in regulating early Earth 
climate (e.g. Kasting et al., 2005; Stanton et al., 2018). The range of CH4 fluxes from ferruginous 
lakes invoked as early Earth analogs are reported in Supporting information Table 1. While the 
flux values reported here for Brownie and Canyon Lakes represent direct measurements that 
incorporate fluxes from multiple emission pathways, the values reported for Kabuno Bay, Lake 
Pavin, and Lake Matano were calculated from diffusional profiles, and hence only provide 
information on the diffusional flux. As we discuss here, CH4 emission from ferruginous lakes 
reflects a complex set of physical, chemical, and biological processes. Our data indicate 
ebullition from shallow sediments is likely for Brownie Lake, and lateral transport of CH4 from 
littoral sediments in Canyon Lake. Importantly, these physical transport processes may give rise 
to significant non-diffusive fluxes, which in addition to diffusional fluxes, may change CH4 flux 
estimates considerably.  
If the CH4 flux from Canyon Lake was an annual flux, it would rival the largest open 
water fluxes from freshwater lakes (Bastviken et al., 2011). The largest CH4 flux from 
anthropogenically-perturbed Brownie Lake would surpass the highest reported values in 
Bastviken et al. (2011) by far. These findings warrant a fresh look at whether non-diffusive 
transport mechanisms that would create large CH4 fluxes are possible, and potentially significant, 
from ferruginous oceans during the Archean. Methane production on shallow continental 




(McGinnis et al., 2006) and may have produced a considerable amount of CH4 from at least 3.5 
Ga until these shallow environments became oxic at ~ 2.7 Ga (Fakhraee et al., 2018). 
Quantifying non-diffusive transport of CH4 and incorporating these values into atmospheric 
models may strengthen the argument that CH4 gas helped to modulate temperature during the 
mid to late Archean in the presence of a less luminous Sun (i.e. Faint Young Sun Paradox).  
In addition to diffusional transport of CH4, the unique physical transport mechanisms in 
marine systems need to be considered, as they can differ quite substantially from lakes. While 
not a significant source of CH4 to the atmosphere today, upwelling (i.e. advection) can transport 
CH4 from deep oceans (e.g. Kock et al., 2008). This may have been even more important to total 
CH4 fluxes in predominantly anoxic oceans. Another mechanism of CH4 release to the 
atmosphere is natural gas seepage on the continental shelf. Although these gas seepages are rare, 
recent studies suggest that they can significantly contribute to total modern marine CH4 
emissions (Judd et al., 1997). For example, gas seepages from the continental shelf of the United 
Kingdom account for up to 40% of total CH4 emissions in that area (Judd et al., 1997). In 
addition, sea level fluctuations due to glaciation-deglaciation can cause release of CH4 due to 
changes in hydrostatic pressure, currents, and bottom water temperatures (Portilho-Ramos et al., 
2018). Finally, CH4 hydrates found in continental margin sediments could also be destabilized by 
earthquakes (Mienert et al., 1998) and turbidity currents (Shakhova et al., 2014). Our 
observations, as well as others listed above, highlight the importance of considering all possible 
emission pathways for CH4 when modeling past marine CH4 fluxes. 
3.6 Summary 
Methanogen sequences representing as much as 10% of total 16S were observed 




water column CH4 production at Brownie Lake. Despite the presence of aerobic MOB at the 
chemocline and isotopic evidence for CH4 oxidation, the CH4 flux to the atmosphere is large. Of 
the multiple transport mechanisms for CH4 out of lake sediments, ebullition is a plausible 
explanation for the high CH4 emission from Brownie Lake. Ebullition is likely enhanced by 
seasonal spikes in primary productivity in the lake and formation of sedimentary gas conduits 
during past lake level manipulations. The modeled diffusive CH4 flux derived from depth profile 
measurements represents a small portion of the total measured flux, signifying the importance of 
utilizing direct measurements to accurately estimate gas emission. The CH4 flux at Canyon Lake 
is largely impacted by lateral transport of CH4 from littoral sediments into pelagic waters. The 
measured littoral CH4 flux is an order of magnitude greater than the measured flux over open 
water. The initial steep decline in CH4 concentration around 18 m is due to physical density 
gradients, and after near complete oxidation of CH4 in the middle water column, CH4 
concentration increases towards the surface indicating a near-surface source. 
Using CH4 fluxes obtained through direct measurements, we show that non-diffusive 
emission pathways can dominate CH4 fluxes from shallow, ferruginous water columns. During 
times of high NPP (either from anoxygenic or oxygenic photosynthesis or both) and low SO42- (< 
100 μM), which were conditions present during the Archean from ~ 3.5 to 2.7 Ga, CH4 could 
have escaped to the atmosphere from shallow continental margins utilizing non-diffusional 
transport. Therefore, it is important to consider these transport mechanisms in future modeling of 
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3.9 Supporting information 
3.9.1 Supplementary methods 
The V4 region of the 16S rRNA gene was amplified and sequenced with the primer pair 
515F (5’-GTGCCAGCMGCCGCGGTAA-3’) and 805R (5’-GACTACVSGGGTATCTAAT-3’) 




performed on the amplicons at the University of Minnesota Genomics Center (Minneapolis, MN) 
using the MiSeq platform and 2x300 bp chemistry. Amplicon reads were processed using 
Mothur (v1.39) following the standard operating protocol (Schloss et al., 2009). Amplicon pairs 
were checked for quality, assembled, and aligned to the SILVA v132 database (Pruesse et al., 
2012). Chimeras were checked with Uchime2 (Edgar, 2016), and operational taxonomic units 
(OTUs) clustered at 97% similarity using the opticlust method (Westscott and Schloss 2017). 
Representative OTU sequences were taxonomically classified with the SILVA v132 database 
using the Naive bayesian classifier (Wang et al., 2007). Graphs were built using the ggplot2 
package in R (Wickham, 2016). 
Brownie Lake sediments were collected in January 2017 by the freeze coring method. 
They were transported and stored on dry ice during sample smoothing (by planer) and sectioning 
at LacCore (Harrison et al., 2016). They were then stored at -80℃. To prepare samples for 
analysis, the material was scraped off using a sterile razor while the samples were kept frozen on 
dry ice. These samples were then transported into a 100% N2 glovebox to thaw. Samples were 
prepared in an anoxic glovebox and transported in anoxic conditions to the beamlines. Briefly, 
the sample preparation consisted of washing the particles with anoxic water and depositing them 
on formvar-coated 200-mesh Cu TEM grids or on 100-nm silicon-nitride windows. 
Samples were analyzed by scanning transmission X-ray microscopy and near-edge 
extended X-ray absorption fine structure spectroscopy (STXM-NEXAFS) at beam line 11.0.2.2 
at the Advanced Light Source (ALS) and beam line 10 ID-1 at the Canadian Light Source (CLS). 
Technical details about the beamlines can be found elsewhere (Bluhm et al., 2006; Kaznatcheev 
et al., 2007). The air in the microscope chamber was pumped out and replaced by a He 




Transmission images were acquired at the maximal absorption for Fe(II) (708.7 eV). 
Images and image stacks were recorded in the 700-730 eV (Fe L3,2-edges) energy range. Data 
were processed using the aXis2000 software package using standard procedures (Hitchcock, 
2017). Images were converted from transmission scale to optical density (OD) scale. Fe OD 
maps were generated by subtracting pre-edge images from images that showed the highest 
absorption (708.7 eV for Fe(II) and 710.4 eV for Fe(III). NEXAFS spectra were extracted from 
whole image sequences or from specific areas when relevant.  
3.9.2 Supplementary results 
Samples from the top of the sediment core, and at 42 cm deep in the sediment core both 
contained Fe(II) and Fe(III) minerals (Fig. S3). These were not homogenous Fe(II) or Fe(III) 
particles, but rather a mixture of both phases, consistent with either mixed-valent phases or Fe(II) 
adsorption to Fe(III) minerals, as suggested in text. The mineralogy of these iron phases was not 











































Figure S1. A. Approximation for the vertical eddy diffusivity Kz based on the calculated stability 
frequency (N2; above the thermocline) and the fit of concentration profiles (below the 
thermocline). B. Profiles of oxygen, DIC, and ammonium in May 2017 reproduced by the model 



















Figure S2. Methane flux plotted against chlorophyll a measurements taken at 1 m at Brownie 
Lake. There is a strong, positive correlation (R2 = 0.79) between the magnitude of the methane 





Figure S3. Analysis of Fe distribution and oxidation state in Brownie lake sediments by scanning 
transmission X-ray microscopy (STXM). (a) Transmission images (710.4 eV) of sediment 
particles and maps of Fe(II) and Fe(III) in the top sediment (upper row) and at 42 cm below the 
sediment surface (lower row). The overlay image displays Fe(II)-rich regions in green and 
Fe(III)-rich regions in red. The scale bars in the transmission images apply to the full rows and 
(b) Near-edge X-ray absorption fine structure spectra at the Fe L-edges of sediment particles. In 
the top sediment, the NEXAFS spectra were extracted for the Fe(II) regions (green areas in the 
overlay image) and for the Fe(III) regions (red areas in the overlay image) and reveal the 
presence of Fe(II)-bearing mineral particles (potentially Fe-S phases) and of Fe(III)-bearing 
mineral particles (potentially Fe(III)-oxide or oxyhydroxide phases). The average spectra of both 
the top sediment and the 42-cm deep sediment indicates the presence of a mixture of Fe(II) and 





Table S1. The range of CH4 fluxes from lakes invoked as early Earth analogs. 













14 1.05 *13.97 Direct 
measurement 




23 1.98 *2.05 x 10-1 Direct 
measurement 
Anderson-Carpenter 
et al. 2011;  
Lambrecht et al. 2018 
Kabuno 
Bay 
120 n.a. 4.42 x 10-3 Modeled Borges et al. 2011;  
Lliros et al. 2015 
Pavin 92 4.0 – 5.0 8.33 x 10-3 Modeled Lopes et al. 2011;  
Busigny et al. 2014 
La Cruz 18 – 24.5 2.2 0 Modeled Rodrigo et al. 2001;  
Oswald et al. 2016 
Matano 590 1.4 4.08 x 10-2 Modeled Crowe et al. 2008; 
2011; 
Sturm et al. 2018 




CHAPTER 4.    PHYSIOLOGICAL CHARACTERIZATION OF AN ANOXYGENIC 
PHOTOTROPHIC FE(II)-OXIDIZING GREEN SULFUR BACTERIUM ISOLATED 
FROM A MEROMICTIC LAKE 
 
A paper in preparation  
Nicholas Lambrecht1,2,3,4, Cody S. Sheik2, Matt Pronschinske2,3, and Elizabeth D. Swanner1,4 
4.1 Abstract 
Prior to the origin of bacteria which could perform oxygenic photosynthesis, anoxygenic 
phototrophic bacteria capable of oxidizing Fe(II) (photoferrotrophs) are proposed to have been 
important primary producers. In addition, the capacity to oxidize Fe(II) by photoferrotrophs 
under anoxic conditions has led many researchers to believe they contributed to the deposition of 
banded iron formations. Studies identifying putative genes important in Fe(II) oxidation have 
mainly focused on photoferrotrophs classified as Alphaproteobacteria despite photoferrotrophs 
being represented by other taxonomic groups such as the Gammaproteobacteria and 
Chlorobiaceae. Therefore, we isolated and characterized a photoferrotroph that is taxonomically 
similar to other photoferrotrophs classified as green sulfur bacteria.  Here we present Chlorobium 
sp. strain BLA1 which, besides Fe(II), grew phototrophically with other inorganic and organic 
substrates such as hydrogen, sulfide and thiosulfate. The main light-harvesting molecules were 
identified as bacteriochlorophyll c with accessory carotenoids of the chlorobactene series. The 
rate of Fe(II) oxidation was 403 ± 19 μmol day-1, which is comparable to other photoferrotrophs. 
                                                 
1 Authors conducted the fieldwork 
2 Authors carried out analyses 
3 Authors generated tables and figures 




Further genetic validation is needed to assess tractability of the organism. Utilizing Chlorobium 
sp. strain BLA1 as a model organism for investigating novel Fe(II) oxidation pathways would 
expand the suite of light-based Fe(II) oxidation genes and may improve our understanding of 
how primitive photoferrotrophs thrived on early Earth. 
4.2 Introduction 
Iron is a major redox-active element on Earth today (Raiswell and Canfield, 2012). The 
biogeochemical cycling between the two main redox states, Fe(II) and Fe(III), is accomplished 
by both aerobic and anaerobic microbes, as well as abiotic chemical reactions (Melton et al., 
2014). Active redox cycling mediated by microbes at the interface of oxic and anoxic settings at 
the surface of Earth couples the Fe biogeochemical cycle to that of several other major elemental 
cycles (e.g. C, O, S, N; Melton et al., 2014), underscoring the necessity to elucidate biological 
pathways that transform Fe. Further investigation into organisms that utilize this pathway may 
also inform how Fe, the presence of which was a pronounced feature of Precambrian oceans 
(Poulton and Canfield, 2011), was influenced by early Fe cycling microbial communities. 
The Archean ocean was predominantly ferruginous (anoxic and Fe(II)-rich) until the 
Mesoarchean, when surface waters began accumulating oxygen (Poulton and Canfield, 2011). 
Deep oceanic waters of the Precambrian remained ferruginous until after the Gaskiers glaciation 
(~ 0.58 Ga) (Canfield et al., 2007). Prior to oxygenated surface waters, anoxygenic 
photosynthetic bacteria (APB) that could utilize Fe(II) in the photic zone may have been the 
major marine primary producers fueling the biosphere in the Archean, sustaining up to 10% of 
modern day primary productivity prior to the evolution of cyanobacteria (Canfield et al., 2006; 




These organisms, known as photoferrotrophs, are bacteria that use light energy, Fe(II) as 
an electron donor, and inorganic carbon to perform anoxygenic photosynthesis (Ehrenreich and 
Widdel,1994; Kappler et al., 2005): 
(1) light (h𝜈) + 4Fe2++ CO2 + 11H2O → 4Fe(OH)3+ (CH2O) + 8H+ 
In modern times, photoferrotrophs have also been implicated as major contributors to primary 
production in stratified, Fe-rich lake settings such as the Kabuno Bay of Lake Kivu (Lliros et al., 
2015). Their presence was also documented in ferruginous Lake Matano despite their seemingly 
low activity in the water column (Crowe et al., 2008; Crowe et al., 2014). The opposite was true 
in Lake La Cruz, where there was photoferrotrophic activity, yet photoferrotrophs represented 
only a small fraction of the APB community (Walter et al., 2014).  
Anoxygenic photosynthesis is thought to evolutionary predate oxygenic photosynthesis 
(e.g. Blankenship, 1992), however, recent evidence argues that the presence of molecular 
machinery for the light-driven oxidation of water (i.e. Photosystem II) may have evolved in the 
early Archean (Cardona et al., 2019), with anoxygenic photosynthesis emerging later (Martin et 
al., 2017). Multiple lines of evidence including the presence of microbial mats (Tice and Lowe, 
2004, 2006) in the Archean sedimentary record and the complexity of the oxygenic 
photosynthetic mechanism (multiple photosystems) compared to the anoxygenic photosynthetic 
mechanism (singular reaction center) suggest APB preceded oxygenic phototrophs evolutionarily 
(Fischer et al., 2016). Photoferrotrophs have also been implicated in the formation of massive 
Fe-Si deposits known as banded iron formations (BIF) prior to the Great Oxidation Event (~ 2.4 
Ga) (Konhauser et al., 2002; Kappler et al., 2005; Hegler et al., 2008; Bekker et al., 2010; 
Mloszewska et al., 2012; Posth et al., 2013). Due to the low preservation potential for biomarkers 




pathway (e.g. Fe, see Swanner et al., 2015 and Wu et al., 2017), there is little direct evidence for 
photoferrotrophs in BIF. Recently, however, advances have identified tetramethyl aryl 
isoprenoids as biomarkers linking anoxygenic photosynthetic bacteria to phototrophic Fe 
oxidation in the Xiamaling Formation (Canfield et al., 2018). 
Biomarkers of APB may be the only biological indicators of life left behind after billions 
of years of rock alterations. These include bacteriochlorophyll (Bchl) molecules and accessory 
pigments such as aromatic carotenoids. The presence of Bchl molecules and other carotenoids 
alone is unable to distinguish between euxinic or ferruginous conditions. Rather, the presence of 
these biomarkers establishes paleoenvironments in which light reached anoxic portions of 
ancient water columns, inferring the presence of obligate anoxygenic phototrophs. The detection 
of these various biomarkers in ancient rocks has been used as evidence for the presence of 
anoxygenic photosynthesis in the photic zone, and thus euxinic conditions, in the Phanerozoic 
(e.g. Summons and Powell, 1986; Grice et al., 2005; Mallorqui et al., 2005; Hays et al., 2007) 
and Paleoproterozoic ocean (e.g. Brocks et al., 2005; Brocks and Schaeffer, 2008). However, the 
dominant geochemical conditions of Precambrian oceans were ferruginous, not sulfidic, and 
some anoxygenic phototrophs are able to use Fe(II) as an electron donor (i.e. photoferrotrophy). 
Previous studies have only documented the presence of one biomarker, Bchl e, under ferruginous 
conditions and attributed its presence to an abundant community of photoferrotrophs (Crowe et 
al., 2014). To fully explore potential biomarkers for early Earth microbes, especially those active 
under ferruginous conditions, characterization of modern organisms that represent the potential 
diversity of photoferrotrophs in Precambrian oceans is required.  
Photoferrotrophs are phylogenetically diverse and include the classes 




bacteria, PSB), and the family Chlorobiaceae (green sulfur bacteria, GSB). Currently, there are 
eight confirmed photoferrotrophic isolates: the PnSB including Rhodobacter ferrooxidans strain 
SW2 (Ehrenreich and Widdel, 1994) and Rhodopseudomonas palustrius strain TIE-1 (Jiao et al., 
2005), both of which are freshwater; the PSB including the freshwater Thiodictyon sp. 
(Ehrenreich and Widdel, 1994; Croal et al., 2004), and the marine isolates Rhodovulum 
robiginosom and Rhodovulum iodosum (Straub et al., 1999); the GSB including the marine 
Chlorobium sp. strain N1 (Laufer et al., 2017), and the freshwater isolates Chlorobium 
ferrooxidans strain KoFox (Heising et al., 1999) and Chlorobium phaeoferrooxidans strain 
KB01 (Crowe et al., 2017). Interestingly, C. phaeoferrooxidans strain KB01 is the first 
photoferrotroph to be isolated from a ferruginous water column and brought into culture (Lliros 
et al., 2015). The purple non-sulfur Rhodomicrobium vannielii strain ATC 17100 and 
Rhodobacter capsulatus can also oxidize Fe(II). However, R. vannielii appears not to use Fe(II) 
oxidation as a main metabolic pathway, and oxidation of Fe(II) by R. capsulatus appears to be a 
mechanism to remove Fe(II), as it is toxic to growth under anaerobic conditions (Poulain and 
Newman, 2009). Therefore, this paper refers to these organisms as Fe(II)-oxidizing bacteria 
(FeOB) and not true photoferrotrophs. 
The genetic physiology of modern photoferrotrophs can help interpret the role 
photoferrotrophy may have played in early marine Fe and C cycling, and shed light on the 
evolutionary pathway which led to oxygenic photosynthesis. Genes putatively important in Fe 
cycling have been well-studied in the genetically tractable R. palustrius (pio operon; Jiao and 
Newman, 2007) and the nontractable R. ferrooxidans, using R. capsulatus to study the pathway 
for Fe(II) oxidation (fox operon; Croal et al., 2007). The pioABC operon is a three gene operon 




membrane 𝜷-barrel protein (pioB), and a periplasmic high potential iron-sulfur cluster protein 
that participates in anaerobic electron transport (pioC) (Jiao and Newman, 2007). This operon is 
also found in R. vannielii strain ATCC 17100 (He et al., 2017). A similar R. vannielii strain, BS-
1, could not grow solely with Fe(II) as an electron source (Heising and Schink, 1998). The 
foxEYZ operon is another three gene operon that codes for a c-type cytochrome (foxE), a putative 
protein containing the cofactor pyrroloquinoline (foxY), and a putative protein with transport 
function (foxZ) (Croal et al., 2007). The genes encoded by the pio operon and fox operon are not 
homologs, rather, the proteins pioAB are homologous to MtrAB (metal reduction) and MtoAB 
(metal oxidation). MtrAB and MtoAB are present in other Fe(III)-reducing bacteria (FeRB) and 
FeOB (He et al., 2017). These proteins comprise what is known as a “porin-cytochrome c protein 
complex” (PCC) model, which was first identified in the FeRB Shewanella oneidensis (Beliaev 
and Saffarini, 1998).  
To date, no putative gene operons coding for Fe(II) oxidation have been described in a 
green sulfur photoferrotroph. Furthermore, conservation of gene families involved in Fe(II) 
oxdiation across photoferrotrophic taxa is absent. We lack a complete understanding and suite of 
Fe(II)-oxidizing genes that primitive photoferrotrophs may have harbored on early Earth. 
Therefore, the goal of this study was to isolate a green sulfur photoferrotroph and assess 
physiological attributes with the intention of discovering genes involved in phototrophic Fe(II) 
oxidation pending future whole genome sequencing. Here, we describe the characterization of a 
pelagic Fe(II)-oxidizing phototroph from a ferruginous water column that is closely related to 
other GSB. The characterization of Chlorobium sp. strain BLA1 sets the foundational framework 
for future work aimed at understanding how APB, specifically those phylogenetically rated to 




isolate described here is only the second photoferrotroph to be isolated from a ferruginous water 
column, which highlights the difficulties in bringing these organisms into culture. 
4.3 Materials and Methods 
4.3.1 Isolation and cultivation 
4.3.1.1 Location 
Freshwater from Brownie Lake in Minneapolis, MN was taken from the chemocline (5.5 
m) in May 2016. The field site and geochemical conditions were described previously 
(Lambrecht et al., 2018). Site water (1 mL) was added to Hungate tubes containing 9 mL of 
anoxic freshwater (FW) medium amended with FeCl2 (final conc. ~ 2 mM). Incubation was done 
at 20 °C with a longpass light filter using a fluorescent light bulb (7 W, 500 lm) to provide 
wavelengths >700 nm to exclude oxygenic photosynthesis (Edmund Optics). Isolation of a pure 
culture was performed by a serial 10-fold dilution series prepared up to a dilution of 10-9. The 
last dilution showing evidence of Fe(II) oxidation was transferred and a new dilution series was 
prepared.  
4.3.1.2 Growth media  
For standard cultivation 4% inoculum was used. The FW medium for isolation and cultivation 
had a salinity of 1.6. Per liter, the media contained the following salts: 0.14 g KH2PO4, 0.3 g 
NH4Cl, 0.5 g MgSO4 x 7 H2O, and 0.1 g CaCl2 x 2 H2O. The medium was degassed under 
N2/CO2 (90:10 v/v) and buffered with 22 mM NaHCO3 (1.85 g L-1). Lastly, the following 
supplements were added in 1 mL volumes per liter: vitamin solution (1 mg biotin, 10 mg 
nicotinate, 5 mg aminobenzoic acid, 2.5 mg Ca-D(+) pantothenate, 25 mg pyridoxaine 
dihydrochloride, 5 mg thiaminium dihydrochloride, and 100 mg vitamin B12 in 100 mL Millipore 




2H2O in 1 L Millipore water), and a trace elements solution (10 mL of 25% HCl, 2.86 g H3BO3, 
0.5 g MnCl2 x 4H2O, 180 mg ZnCl2, 36 mg Na2MoO4 x 2H2O, 2 mg CuCl2 x 2H2O, 24 mg NiCl2 
x 6 H2O, 190 mg CoCl2 x 6H2O, and 1.5 g FeCl2 x 4H2O in 1 L Millipore water). The pH was 
adjusted to Brownie Lake in situ conditions of ~ 7.5 using anoxic 1 M HCl or 0.5 M Na2CO3 
after autoclaving. Ferrous chloride was subsequently added (3 mM final conc.) and precipitation 
was allowed to occur at 4 °C for 48 hours. The media was then filtered (0.2 polyethersulfone 
filter) in an anoxic chamber (100% N2), dispensed in serum bottles, and the headspace promptly 
exchanged for N2/CO2 (90:10 v/v). 
4.3.1.3 Alternative growth substrates 
The isolate was tested on the following alternative substrates for phototrophic growth: 
acetate, hydrogen gas, sulfide, thiosulfate, and manganese. The organic substrate acetate was 
added at a final concentration of 5 mM. Hydrogen gas was supplied to the culture by flushing the 
headspace every second day with H2/CO2 gas (90:10 v/v). The final concentration of inorganic 
electron donors were as follows: sodium sulfide (2 mM), sodium thiosulfate (2 mM), and 
manganese chloride (5 mM). Spectrophotometry at 600 nm wavelength was used to assess 
growth of the isolate on alternative substrates. 
4.3.2 DNA sequencing and phylogenetic analysis 
Isolate DNA was extracted using the DNeasy Powersoil Kit (Qiagen) according to the 
instructions of the manufacturer. To obtain 16S rRNA gene fragments, universal bacterial 
primers 27F (5’ -AGAGTTTGATCCTGGCTCAG- 3’) and 1492R (5’ -
TACGGYTACCTTGTTACGACTT- 3’) (Lane, 1991) were used. The PCR products were 
cloned into a plasmid vector with an ampicillin-resistant marker using the TOPO TA Cloning Kit 




were afterwards plated onto LB medium containing ampicillin. Colonies were picked and tested 
for their correct size using a colony PCR. The PCR product with the correct insert was purified 
for Sanger sequencing with the PureLink PCR purification kit (Invitrogen). All clones sequenced 
(17 of 17) were identical. One representative sequence was uploaded to the EMBL Genbank 
database (accession number MH810273). 16S rRNA gene sequences were aligned with ClustalW 
(Thompson, Gibson and Higgins, 1994). A phylogenetic tree was constructed based on the 16S 
rRNA gene sequences of known photoferrotrophs, other Fe(II)-oxidizing bacteria, and the closest 
relatives of the isolate. The phylogenetic tree was constructed with the maximum-likelihood 
method using the software MEGA7 (Kumar, Stecher and Tamura, 2016).  
4.3.3 Physiological characterization 
4.3.3.1 Iron growth curve 
 Serum bottles were filled with 25 mL of Fe-rich medium. The starting concentration of 
Fe(II) was measured through a ferrozine assay and determined to be ~ 1.2 mM. Three 
experimental triplicate bottles and one control were prepared. Each experimental triplicate 
received 1 mL of inoculum. After inoculation, samples from the parent culture and each 
experimental serum bottle were fixed using paraformaldehyde (PFA, 3.8% final concentration) 
stored at 4°C for later fluorescent cell counts. 
4.3.3.2 Cell counts 
Cell counting was performed via fluorescence microscopy to determine density of cells 
grown with Fe(II) as an electron donor. Samples were preserved with paraformaldehyde (final 
conc. 3.8%) and stored at 4 ℃ until analysis. To digest Fe-oxides, samples were vortexed at 
14,000 rpm for ten minutes followed by removal of the supernatant. An oxalate solution (0.45 




sulfate (0.05 mL, 100 mM) were added to the Fe-oxides and cell pellet and allowed to react for 
10 minutes with occasional shaking (Wu et al., 2014). An aliquot of each sample was added to 
0.45 mL of sterile 1M Tris buffer (pH = 8) and 50 μL of a 1% sodium pyrophosphate solution 
(Wu et al., 2014). In the dark, 5 μL (1:50) of Sytox dye (Invitrogen) was added and homogenized 
by vortexing. Samples were subsequently filtered onto 0.2 μm black polycarbonate filters 
(Whatman), allowed to dry, and mounted on microscope slides with a 10 μL of a glycerol-based 
medium and a coverslip (Wu et al., 2014). Cells were visualized using a Leica DFC7000T 
fluorescence microscope and counted using the 3D Objects Counter from IMAGEJ (Abramoff, 
Magalhaes and Ram, 2004). 
4.3.4 Photosynthetic pigment identification 
4.3.4.1 Pigment extraction  
An isolate culture grown with ferrous iron was centrifuged at 1,000 rpm for 15 minutes 
followed by removal of the supernatant. An acetone/methanol solution (7:2 v/v) was added to the 
spun down cells and sonicated in a water bath for 10 minutes, followed by vortexing for 10 
minutes at maximum speed. After centrifugation at 1,000 rpm for 10 minutes, the supernatant 
containing the pigments were transferred to a clean tube and dried under a constant stream of N2 
gas. Once dried, concentrated pigments were resuspended in ~ 0.4 mL of the acetone/methanol 
solution. 
4.3.4.2 UHPLC and MS(n) analysis 
Concentrated bacteriochlorophyll compounds were detected and quantified using the 
Agilent 6540 UHD Q-TOF LC/MS system. Chromatographic separation was performed using an 
Agilent 1290 Infinity series UHPLC, equipped with diode array detector. A Zorbex Eclipse Plus 




Temperature during separation was held at 45 °C. Analysis was performed using a 10 μL 
injection of sample, and a flow rate of 0.5 mL min-1. The mobile phase consisted of Solvent A, a 
7:2:1 (water:methanol:acetonitrile) mixture, and Solvent B, a 3:1:1 
(acetonitrile:MTBE:methanol) mixture. A gradient starting from 60% A and 40% B was 
followed by 25% A and 75% B for 5 minutes, and then 100% B for 15 minutes. After, the 
sample was held for 20 minutes. This was followed by a return to initial conditions (60% A, 40% 
B) held for a 6 minute post-analysis equilibration. All spectra were captured at a range of 
absorbance from 300-950 nm, by a step of 4 nm, and a 0.62 Hz scan rate.  
MS/MS analysis was performed using the Agilent 6540 UHD Q-Tof Mass Spectrometer, 
operating in Positive Ion mode. Mass spectra were obtained using the Agilent QTOF 6540 mass 
spectrometer equipped with the JetStream ESI ion source. The mass spectrometer was scanned 
from m/z 100 to 1700 and operated in the 4GHz HRes mode. Accurate mass measurement was 
achieved by constantly infusing a reference calibrant (ions at m/z 121.0508 and 922.0098). An 
Agilent Technologies 1100 Series HPLC system coupled to an Agilent Technologies Mass 
Selective Trap SL detector equipped with an atmospheric pressure chemical ionization source 
was used for MS5 analysis of selected bacteriochlorophyll molecules using directed infusion. All 
pigments were identified by comparison with published reference absorption spectra (Jensen, 
1965; Airs and Keely, 2002). 
4.3.5 Transmission electron microscopy 
Cells were pelleted from culture and fixed with 3% glutaraldehyde (w/v) and 1% 
paraformaldehyde (w/v) in 0.1 M cacodylate at 4°C. Samples were rinsed twice in 0.1 M 
cacodylate buffer at room temperature and then pelleted after each step in a microcentrifuge. 




minute wash in dH2O and en bloc staining with 2% uranyl acetate for 30 minutes. Samples were 
then dehydrated in a graded ethanol series, cleared with ultra-pure acetone, and embedded using 
a modified EPON epoxy resin (Embed 812; Electron Microscopy Sciences, Ft. Washington, 
PA).  Resin blocks were polymerized for 48 hours at 70°C.  
4.4 Results and Discussion 
4.4.1 Isolate morphology and growth on iron 
Transmission electron microscopy revealed rod-shaped cells that are ca. 0.8-0.9 μM long 
and 0.4-0.6 μM wide (Figure 4.1). Cells did not contain flagellum and are immotile. This is not 
surprising as all other photoferrotrophs assessed for motility were also lacking flagella 












Figure 4.1. Transmission electron microscopy (TEM) and fluorescence microscope images of 
photoferrotrophs strain BLA1 grown under ferruginous conditions. A-C. TEM of BLA1; the cell 
surface appears wrinkled while still maintaining structure of the cell. Wrinkling is due to 





Hungate tubes containing Fe(II)-rich FW medium and 4% inoculum of BLA1 culture 
showed evidence of Fe(II) oxidation (orange oxide minerals) after 5-7 days. The rate of Fe(II) 
oxidation was calculated for each triplicate by linear regression of the steepest part of their 
respective Fe(II) vs. time plots. The average rate of Fe(II) oxidation of isolate BLA1 was 403 ± 
19 μmol day-1. After 15 days, 99% of the Fe(II) was oxidized (Figure 4.2). A portion (~ 25%) of 
the total Fe(II) oxidized by day 6 due to O2 introduction when aliquots were drawn for cell 
counting and spectrophotometric analysis, which is observed in the control as well as the 
inoculated triplicates. A procedural modification to flush syringes with N2 before use inhibited 
further Fe(II) at day 10 prior to exponential cell growth. The Fe(II) oxidation rate of 
photoferrotroph strain BLA1 is commensurate with other photoferrotroph isolates, such as the 
marine purple sulfur R. iodosum (0.46 mM day-1; Wu et al., 2014) and the freshwater purple non-
sulfur R. ferrooxidans strain SW2 (0.40 mM day-1; Kappler et al., 2005). As discussed previously 
the rate of photoferrotroph Fe(II) oxidation is governed by Michaelis-Menten kinetics, and 
depends highly on factors such as initial Fe(II) concentration and light intensity (Hegler et al., 
2008; Wu et al., 2014; Laufer et al., 2017). Cell numbers increased under Fe(II) growth 
conditions from 1.7 x 107 cells mL-1 at day 0 to 5.1 x 107 cell mL-1 at day 15. Isolate doubling 
time did not coincide with Fe(II) oxidation as there was a lag in cell growth (~1 day) until after 
almost all the exogenous Fe(II) was utilized. 
4.4.2 Metabolic versatility  
Photoferrotroph isolate BLA1 utilizes H2 gas, an electron donor that is universally used 





Figure 4.2. Fe(II) oxidation curve and cell growth of photoferrotroph isolate BLA1. The 
photoferrotrophic isolate from Brownie Lake was cultivated in FW medium, amended with 
FeCl2 at 20 °C and 1270 lux. Errors bars represent Fe(II) quantification error and the standard 
deviation of cell counts from triplicate cultures (in all cases smaller than symbol size). 
 
not grow solely with acetate, as is the case for most Chlorobiaceae (Imhoff, 2014). In addition, 
isolate BLA1 is able to oxidize sulfide and thiosulfate, which has also been observed in the green 
sulfur bacterium Chlorobium sp. strain N1 (Laufer et al., 2017), and the purple sulfur bacteria R. 
iodosum and R. robiginosum (Straub et al., 1999) (Table 4.1). Notably, the ability to oxidize 
these sulfur compounds is absent from the well-studied Chlorobium ferrooxidans strain KoFox 
(Heising et al., 1999). R. palustrius strain TIE-1 is able to oxidize thiosulfate, but no reports 
indicate the oxidation of sulfide by TIE-1 (Jiao et al., 2005). Anoxygenic photosynthesis with 
Mn(II) as the electron donor was proposed by Johnson et al. (2013), however, no extant 
organisms have been found to perform this putatively ancient metabolism. No true 
photoferrotrophs (or other Fe(II) oxidizing bacteria), including isolate BLA1, have demonstrated 




Table 4.1. Commonly used organic and inorganic electron donors to assess additional 
photoautotrophic growth of true photoferrotrophic isolates. 
Photoferrotroph Iron Acetate Hydrogen Sulfide Thiosulfate Manganese Source 
Photoferrotroph 
strain BLA1 + - + + + - This study 
C. ferrooxidans 
strain KoFox + - + - - n.d. 
Heising et al., 
1999; 




strain KB01 + n.d. n.d. n.d. n.d. n.d. 
Crowe et al., 
2017 
Chlorobium sp. 
strain N1 + - + + + - 
Laufer et al., 
2017 
Thiodycton sp. 
strains Thd2  
and F4 + + + - - - 
Ehrenreich and  
Widdel, 1994; 
Hegler et al., 
2008 
R. palustrius 
strain TIE-1 + + + - - n.d. 
Jiao et al., 
2005 
R. ferrooxidans 
strain SW2 + + + - n.d. - 
Ehrenreich and  
Widdel, 1994 
R. iodosum + + + + + n.d. 
Straub et al., 
1999 
R. robiginosum + + + + + n.d. 
Straub et al., 
1999 
Note: Thiodcyton straing L7 in Ehrenreich and Widdel (1994) has accession number X78718 and 
is recognized as strain Thd2 in Genbank. n.d. = no data 
 
4.4.3 Pigment identification 
 Extracts from photoferrotroph strain BLA1 grown on Fe(II) were examined using a Q-
TOF LC/MS system. The resulting chromatogram (Figure 4.3A) displayed three main peaks 
corresponding to light-harvesting molecules. The first two eluted between 9.3 – 10.2 minutes and 
were indicative of bacteriochlorophyll (Bchl) molecules. MS5 analysis was performed to identify 
which Bchl form (either c, d, or e) was present in the extract. The fragmentation patterns were 
compared to work performed by Airs and Keely (2002), and the resulting pattern was indicative 




(Figure 4.3B) agreed with the MS5 analysis, showing major absorption peaks at 412 and 668 nm 
which is characteristic of Bchl c (Airs and Keely, 2002). The peak at 412 nm is shifted slightly to 
the left of what has been observed, but this may be due to the matrix used for analysis.  
Bacteriochlorophyll c has been found in many phototrophic phyla including Chlorobi, 
Chloroflexi, and Acidobacteria, and all the representative organisms in these phyla perform 
anoxygenic photosynthesis (Thiel et al., 2018). Furthermore, organisms that contain Bchl c can 
be autotrophic, heterotrophic, or even mixotrophic, signifying the ubiquitous carbon metabolisms 
Bchl c-containing phototrophs can have. 
 The last of the major peaks observed eluted between 13.6 – 13.8 minutes (Figure 4.3A). 
The equivalent UV/vis spectra had three absorption maxima at 437, 460, and 488 nm (Figure 
4.3C). This sequence, when compared to reference absorption spectra (Jensen, 1965), 
corresponded to the aromatic carotenoid chlorobactene. Similar absorption spectra for 
chlorobactene was observed in extracts from the well-studied photoferrotroph C. ferrooxidans 
strain KoFox (Hegler et al., 2008). The MS/MS analysis, which was used to confirm the 
bacteriochlorophyll molecules, was inconclusive for identification of chlorobactene. This is 
likely due to the presence of many background molecules eluting at the same time, which made 
distinguishing the peaks belonging to chlorobactene difficult. However, the MS/MS peak 
corresponding to 437 nm in the UV/vis spectra appears to represent chlorobactene. The 
identification of Bchl c adds compounding evidence that chlorobactene is indeed the carotenoid 
present in the extract, as bacteria that contain Bchl c mostly produce chlorobactene as an 
accessory pigment (Maresca et al., 2008). 
 Chlorobactene exists as a monoaromatic carotenoid associated with green-pigmented 




record as far back as 1.64 Ga (e.g Barney Creek Formation; Summons and Powell, 1986). The 
presence of GSB in the Barney Creek Formation, as well as other Precambrian deposits 
mentioned previously, has typically signified euxinic conditions. However, GSB phototrophs are 
capable of oxidizing iron in addition to reduced sulfur compounds, and chlorobactene (or its 
derivatives) may be an indicative biomarker of their presence. Efforts to search rock formations 
deposited under ferruginous conditions for biomarkers characteristic of photoferrotrophs may 
help decipher how long ago these organisms first appeared on Earth and to what extent they 
dominated early Earth oceans. 
4.4.4 Phylogenetic analysis and taxonomic conclusion 
The relatedness of strain BLA1 to its closest relatives and other photoferrotrophs is 
depicted in a phylogenetic tree based on the 16S rRNA gene in Fig. 4.4. Analysis revealed that 
the closest relatives to photoferrotroph strain BLA1 are C. ferrooxidans strain KoFox and C. 
phaeoferrooxidans strain KB01 with 99% sequence identity (Figure 4.4). The closest non-
photoferrotroph relative is C. clathratiforme with 97% sequence identity. Due to the clustering of 
strain BLA1 to other Chlorobium species, we assign the name Chlorobium sp. strain BLA1 to 
our isolate.  
Despite the high similarity in the 16S rRNA, Chlorobium sp. strain BLA1 has distinct 
physiological characteristics that distinguish it from C. ferrooxidans strain KoFox and C. 
phaeoferrooxidans strain KB01. Chlorobium sp. strain BLA1 can grow utilizing sulfide and 
thiosulfate, two electron donors that C. ferrooxidans strain KoFox has not been observed to 
exploit for growth (see Table 4.1 and references therein). Furthermore, Chlorobium sp. strain 
BLA1 can grow independently in culture while strain KoFox can only be grown in co-culture 




harvesting pigments differ between Chlorobium sp. strain BLA1 and C. phaeoferrooxidans. 
While our isolate utilizes Bchl c, C. phaeoferrooxidans is adapted to low light and utilizes Bchl e 
(Crowe et al., 2017). 
 
Figure 4.3. LC/MS and UV/vis spectra of isolate BLA1 extract. A. Total wavelength 
chromatogram depicting the major pigments. i, sample injection peaks; c1 and c2, 
bacteriochlorophyll c; *, chlorobactene. B. A representative UV/vis spectra of the 





Figure 4.4. A rooted phylogenetic tree constructed with the maximum-likelihood method using 
the 16S rRNA gene. The tree depicts the relationship between the photoferrotroph isolated from 
Brownie Lake (in bold), one of its closest relatives (the sulfur-oxidizing bacteria C. 
clathratiforme), as well as other FeOB (true photoferrotrophs are underlined). The scale bar 
represents nucleotide substitutions per site. Bootstrap values (1000 replications performed) are 
located at the branches. A. profundus was included as an outgroup. 
 
In summary, the Brownie Lake isolate is physiologically unique compared to other 
photoferrotroph species. Its ability to grow photoautotrophically using electron donors which 
were present during the Archean, such has Fe(II), H2, and sulfur species, suggest that the 
photoferrotrophic isolate may be an ideal candidate to study the molecular mechanisms of Fe(II) 
oxidation under ferruginous conditions. However, future work is needed to establish the genetic 




organisms will further develop potential biological pathways which transformed life on early 
Earth. In addition to anoxygenic photosynthesis coupled to Fe(II) oxidation, the metabolic 
capacity of photoferrotrophs in the phylum Chlorobi is just beginning to be unraveled. Novel 
growth experiments have shown that these lineages of photoferrotrophs are metabolically 
diverse, capable of assimilatory sulfate reduction and nitrogen fixation under nutrient limiting 
conditions (see Thompson et al., 2017), thus underpinning their potential role in supporting 
primary production during the Precambrian. 
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CHAPTER 5.    CONCLUSIONS AND FUTURE WORK 
5.1 Introduction 
This concluding chapter will begin by broadly stating why this research was performed, 
as well as reintroduce the major objectives guiding each chapter. The subsequent section will 
highlight the importance of these findings and put them into broader context as to how they have 
furthered the fields of geobiology and deep time research. Finally, the last section will discuss 
future research trends.  
This dissertation set out to explore the interactions between microbes and the iron and 
carbon cycles, specifically in geochemical settings that have similar conditions to those on early 
Earth. The importance of microbes on Earth during the Precambrian cannot be understated, as 
they not only had a major role in changing the surface chemistry of Earth, but were the 
evolutionary predecessors to oxygen-producing microbes and all multicellular life. However, 
there have been challenges in unraveling the contributions of microbes to biogeochemical cycles 
during the Archean and the Proterozoic due to the scarcity of well-preserved rocks during this 
time. As these rocks have aged, post-depositional processes have altered or completely erased 
the presence of microbes. There is little evidence of intact microbial structures during this time, 
but as technology has advanced, we have started to distinguish molecules in the rock record that 
are microbial in origin. In addition to discerning whether or not microbes with varying 
metabolisms were present at certain times in geologic history, the challenge of elucidating their 
activity and rate at which they transformed aspects of their environment has also been of great 




harbor metabolisms which would have been prevalent on early Earth, as well as analog 
environments to early Earth oceans that act as experimental sites to explore outstanding 
questions. 
The goal of Chapter 2 was to document the stratification patterns and seasonality of two 
study sites, Brownie Lake and Canyon Lake, with the goal of affirming their geochemical 
similarity to the ferruginous oceans of early Earth. The first objective in Chapter 3 was to assess 
the abundance and distribution of methane cycling microbes at the two field sites. In addition, 
the second objective of Chapter 3 was to determine what biogeochemical and physical factors 
contribute to (or diminish) the methane flux out of Brownie Lake and Canyon Lake. Finally, the 
objective in Chapter 4 was to isolate and characterize a photoferrotroph from one of the 
aforementioned study sites. 
5.2 Major Findings 
Seasonal monitoring of Brownie Lake and Canyon Lake between 2016 – 2018 confirmed 
that they are appropriate geochemical analogs for ferruginous oceans. Both lakes exhibit 
meromixis, with the chemocline demarcating anoxic bottom waters that act as a reservoir for 
reduced iron. These ferruginous conditions represent the predominant feature of early Earth 
oceans. Meromixis is due to anthropogenic factors at Brownie Lake and is natural at Canyon 
Lake due to the orientation of the lake limiting solar radiation and wind mixing. These lakes 
expand the small list of study sites used as geochemical analogs for early Earth oceans. As both 
Brownie Lake and Canyon Lake have unique features, future work performed at each site will 
further our understanding of the biogeochemical processes in early Earth oceans. For example, 
the shallow chemocline resides in the photic zone at Brownie Lake, which makes it an ideal 




At Canyon Lake, the large suboxic zone above the chemocline may fuel research focusing on 
microaerophilic microbial processes such as methanotrophy. Both lakes represent additional 
opportunities to investigate mineral formation and deposition under suboxic and anoxic 
conditions in a ferruginous water column, as well as in the sediment. Lastly, an important caveat 
to acknowledge is that lake dynamics are not always the same as in the ocean. However, since 
modern oceans are no longer ferruginous, lacustrine systems (with the appropriate geochemical 
conditions) represent the best opportunity to study various aspects of Precambrian oceans. 
I was interested in the methane cycles in Brownie Lake and Canyon Lake because 
previous work has shown that ferruginous lakes have active methane cycling. Indeed,16S rRNA 
sequencing revealed that methanotrophs were not only abundant at the oxycline of both lakes, 
but were actively oxidizing methane based on isotope measurements of water column methane. 
In addition, sequencing evidence suggests methanogenesis is occurring in the water column at 
Brownie Lake. There was a consistently high number of methanogen reads recovered from areas 
in the water column not directly above the sediment where conventional methanogenesis is 
thought to occur. However, methane production rates that include both sediment and water 
column analyses are needed to validate the significance of water column methanogenesis. 
Despite previous work in such lakes showing low methane fluxes to the atmosphere, we 
observed the opposite at Brownie Lake. The methane flux out of Brownie Lake was higher than 
the lacustrine global average and is one of the highest values reported in the literature. We 
utilized a novel approach that included direct measurements with a static flux chamber and 
modeled values to discern the approximate percentage of each methane transport pathway. The 
analysis showed that the majority of the methane emitted to the atmosphere from Brownie Lake 




Lake revealed that methane at the surface of the water column was transported laterally from 
littoral sediment and not from benthic lake sediment. Results from this study show that non-
diffusive mechanisms of methane transport can be significant from shallow ferruginous water 
columns, and I believe that these transport mechanisms should be: 1) included in future modeling 
analyses of methane emissions to the atmosphere from the continental margins of early Earth 
oceans, and 2) reassessed in previous models to ensure appropriate consideration has been given 
to rapid methane transport mechanisms. In a previous model published by Olson et al. (2016), 
the authors suggest methane played a limited role in greenhouse warming due to sulfate AOM. 
However, non-diffusive transport of methane would bypass such microbial oxidation. Lastly, it is 
important to point out that when methane was directly measured at our field sites, only point 
measurements were taken. Meaning, the flux values reported in Chapter 3 are not integrated over 
whole lake area. To accomplish whole lake methane emissions, future work would include 
making regular flux measurements capturing spatiotemporal variability between the different 
depth regimes and seasons following bathymetric gridlines. 
Prior to this study, only three GSB photoferrotrophs have been described in the literature 
with only one member (C. phaeferrooxidans strain KB01) isolated from a ferruginous water 
column. Chapter 4 described the characterization of a photoferrotroph, given the name 
Chlorobium sp. strain BLA1 because of the phylogenetic similarity between the 16S rRNA gene 
and other Chlorobium species. The isolation of Chlorobium sp. strain BLA1 is important because 
genetic studies of photoferrotrophs have largely focused on PnSB, which means we may be 
missing potential molecular mechanisms of biological iron oxidation which heavily transformed 




Unfortunately, multiple attempts to sequence the genome of the isolate were unsuccessful. Future 
work will focus on assembling the genome and uncovering pathways involved in iron oxidation. 
 Furthermore, this study characterized the major light-harvesting pigments used by 
Chlorobium sp. strain BLA1. Ultra-high-performance liquid chromatography and mass 
spectrometry analyses revealed bacteriochlorophyll c and chlorobactene were the major light-
harvesting and accessory pigments. Further research could classify the derivatives of these 
pigments. The utility of this being that ancient, unaltered rock samples could be analyzed for the 
presence of these derivatives, signifying the existence of phototrophs in spatiotemporal intervals 
previously thought to be void of life. 
5.3 Future Research Trends 
 The presence of photoferrotrophs in modern environments presents unique opportunities 
to isolate these organisms and learn more about anoxygenic photosynthesis and iron oxidation 
pathways, as mentioned previously. A growing trend is to go further and assess their activity in 
the environment. What environmental stressors promote or repress photoferrotrophy in similar 
geochemical environments? A few studies, discussed below, have investigated APB in 
ferruginous lakes with mixed conclusions. A paradoxical observation of sulfur cycling 
predominating under ferruginous conditions has implications for the activity of these organisms 
on early Earth. 
Active photoferrotrophic communities have been documented in Kabuno Bay, the 
ferruginous sub-basin of Lake Kivu. Researchers demonstrated that photoferrotrophs comprised 
up to 30% of the microbial community in iron-rich, illuminated waters (Lliros et al., 2015). Rates 
of carbon production due to photoferrotrophy were comparable to rates estimated for 




Another ferruginous system, Lake La Cruz, described observable photoferrotrophic activity at 
the chemocline despite photoferrotrophs representing a minor fraction of APB community 
(Walter et al., 2014). In fact, sulfur cycling is thought to be promoted by a majority of the APB 
community at the illuminated chemocline. 
In well-studied Lake Matano, rates of photoferrotrophy could not be assessed. In Lake 
Matano, ~ 25% of the microbial community below the oxycline are GSB, but not necessarily 
photoferrotrophs as expected. Despite abundant supply of ferrous iron and low sulfide (PM to 
nM) concentrations, the GSB community is comprised of sulfide-oxidizing organisms (Crowe et 
al., 2014). Authors in this study did not rule out photoferrotrophy, but were unable to recover any 
sequences in their metagenomic datasets suggestive of GSB-related photoferrotrophs. This 
underscores the necessity for more organisms capable of iron oxidation to be discovered and 
included in future microbial databases. The most recent study in a ferruginous lake, Lake Pavin, 
observed extremely low communities of phototrophic iron- and sulfide-oxidizing organisms (< 
0.3%) (Berg et al., 2019). Instead, microbial iron oxidation under microaerobic conditions or 
coupled to nitrate reduction greatly influenced iron mineral transformations. 
As demonstrated above, the influence of photoferrotrophy in the environment is still 
being deciphered. Continuing this work in Brownie Lake, as well as other ferruginous 
environments such as seasonally anoxic lakes (Schiff et al., 2017), will constrain the role of 
photoferrotrophs in modern settings and provide additional insight into their presence and 
activity on early Earth. For example, the link between APB biomarkers and geochemical 




cycling under ferruginous conditions. Photoferrotrophs of multiple taxonomic lineages have the 
capacity to oxidize sulfur species and biomarkers associated with these organisms are used to 
indicate photic zone euxinia. 
In regards to methane emissions from meromictic lakes, I anticipate future research 
proposing new ways to prevent meromixis or new methods to facilitate mixing. Anthropogenic 
activities are certainly causing more lakes to become permanently stratified, and thus more 
methane emitted to the atmosphere. For example, the expansion of agricultural practices as the 
human population increases will increase phosphorus and nitrogen addition to freshwater lakes, 
causing eutrophication (Tilman et al., 2001). This leads to increased primary productivity and 
higher decomposition of organic matter in the monimolimnion, which produces increased ion 
concentrations (i.e. biogenic meromixis; Hakala, 2004). Another example of humans impacting 
stratification of lakes is the overuse of road salt. Increased road salt use causes salinity-driven 
stratification (Novotny et al., 2008; Dupuis et al., 2019). If we are unable to curb the fate of lakes 
in becoming meromictic, we will increase global temperatures at rates faster than current 
predictions. 
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